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1. INTRODUCTION 


(a) The occurrence of identical twins in cattle and their use 
in research work 


INTEREST in cattle twins was much aroused by the well-known studies 
on freemartins by Lillie (1916, 1917) and by Keller and Tandler 
(1916). It was then questioned whether or not monozygous twins 
occurred in cattle. During the early twenties the attitude towards 
this question was rather sceptical. Gowen (1922) made on the one 
hand an inquiry into the sex combinations in some small samples of 


twin pairs, and on the other hand a comparison of likenesses between 
twins of same sex, twins of different sex and non-twin sisters. He 
concluded “.. . it follows that identical twins (monozygotic) are 
rarely or never produced in cattle.” Lillie, as well as Keller, believed 
in the occurrence of identical cattle twins, but found them to be very 
rare. They based their opinion on embryological data. Lillie (1923), 
reviewing his own and Keller and Tandler’s cases, found that among 
126 known cases only one exhibited one corpus luteum for two 
embryos. In a later review by Keller (1933) some additional data 
were incorporated, and he also reported only one case with a single 
corpus luteum. (It is, however, impossible to find out from his 
account whether this is the same case as that reported by Lillie.) 
His conclusion is ‘‘ Auf Grund dieser Befunde muss auf grosse Seltenheit 
eineiiger Zwillinge beim Rind geschlossen werden. . . .” 

Meanwhile sporadic cases were described of equally-sexed cattle 
twins of such great similarity that they were judged to be identical.* 
Lush (1924) reported a case of bull twins found within a population 
of Herford x Zebu crosses. ‘The animals were remarkably similar, 
which made it seem likely that they really were identical twins. In 

* Kronacher (1932) mentions Hayden (1922) as the earliest paper in which a case of 
identical cattle twins was described, and in several later investigations this same statement 
has been quoted. However, in Hayden’ $ paper, a cow is reported which gave birth to several 
pairs of twins among which equally, as well as non-equally, sexed pairs occurred. He does 


not speak of identical twins and his photographs do not support the idea that he had come 
across such twins. 
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a later paper Lush (1929) described a pair of Jersey twin heifers, 
which were not only remarkably like each other, but also dropped 
their first calves on the same day and yielded nearly the same amounts 
of milk during their first 9 months of lactation. This pair was also 
judged by Lush as identical. Hutt (1930) describes a case in which 
a Holstein-Friesian cow gave birth to four living calves. Of these, 
one was a bull, one a freemartin and two heifers. After a thorough 
description of this unusual case he concludes that the two heifers 
were identical twins. The following quotation from his paper is of 
considerable interest in the present connection: “A feeding experi- 
ment repeated upon each animal and using first one twin and then 
the other as a control, would probably yield more conclusive results 
than if a dozen animals of greater genetic heterogeneity and of 
different ages were used for the same test.” At later dates also, a 
number of sporadic cases of identicai cattle twins have been described 
or mentioned (Peters, 1939; Dairy Division, 1940; Cook, 1940 
(identical triplets) and others). 

The first real attempt to collect identical cattle twins for research 
purposes was, however, made by Kronacher (1930). He asks in this 
paper for support from the farmers in detecting similar-looking twins 
of the same sex. He estimates that about 8 identical pairs are to be 
expected in 100,000 births, which, in German territory at that time 
would mean about 500 births of identical pairs a year. Two years 
later Kronacher (1932) gives a comprehensive and very detailed report 
on 25 pairs of equally sexed twins, of which 2 pairs are described 
as definitely identical, 3 pairs as very probably identical, 9 pairs 
as possibly identical, 17 pairs as probably not identical and 4 pairs as 
definitely not identical. 

The work of Kronacher was carried on in a number of further 
papers by members of his Berlin school (Sanders, 1935 ; Kronacher 
and Sanders, 1936; Kronacher, 1936; Kronacher and Hogreve, 
1936; Schmidt and Kliesch, 1938; Haak, 1942, 1943). This 
pioneer work must be given high credit in so far as it thereby became 
evident that identical cattle twins really were a possibility. It is also 
this school which pointed out some of the best characters for diagnostic 
purposes. Its members did, however, concentrate on questions of 
diagnosis to such a degree that they never went beyond them. It 
is true that Kronacher had already pointed out in his paper of 1930 
as one of the most important objects of this twin research work : 
* Aufzucht der Eineiigen Zwillinge unter méglichst entgegengesetzten 
Verhaltnissen, um schliesslich entscheiden zu kénnen, was erblich 
bedingt und was Modifikation ist!” But he also pointed out that 
such investigations could not be begun until reliable methods of 
diagnosis had been evolved. This was of course true. But the same 
objection against undertaking planned experiments has been repeated 
over and over again by the different members of the school. And, 
as a matter of fact, they have never carried out anything which could 
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be called a planned experiment. From the point of view of con- 
tributions to our knowledge of the genetics of production ability, 
and of how different genotypes respond to differences in environment, 
the Kronacher school has thus yielded very little. 

In the latest paper from this school, Haak (1943) publishes 
measurements from all twin pairs investigated since the start of the 
work. Apart from a great number of fraternal twins, his material 
contains 19 pairs of identical twins. This figure is surprisingly low 
for a period of about 10 years when compared with the estimate of 
500 births of identical pairs a year in Germany made by Kronacher 
(1930), especially as this latter estimate is probably too low (¢f. 
Bonnier, 19462). It is also noteworthy that Haak could not include 
6 pairs in his material because they were too young, and therefore 
impossible to diagnose. According to our experience it is very 
important to diagnose twin calves—at least preliminarily—when they 
are only a few weeks old, since otherwise the experiments cannot 
be started early enough. 

However, as soon as it became evident that identical cattle twins 
really do occur, it was a very natural step to try and collect such 
twins for well-planned experiments. The senior author of the present 
article, who, during the early thirties, was occupied with some cattle 
breeding studies, was troubled by our profound lack of knowledge 
as to how much information a cow’s yield gives with regard to her 
hereditary qualities. It was especially the question of the influence 
of feeding intensity which was at stake: Was a high yielding cow 
from a herd with high feeding intensity necessarily genetically better 
than a low yielding cow from a herd with a lower feeding level ? 
For practical breeding work it is obviously of the utmost importance 
to obtain some kind of answer to questions of that sort. Experiments 
were therefore undertaken in which consumption as well as production 
of a number of cows was closely checked. In this connection groups of 
cows were, for shorter or longer periods, given amounts of feed which 
were higher than those corresponding to their actual yield (Bonnier, 1930, 
1931, 1932, Bonnier and Backstrém, 1935). The results indicated that 
the genotype of the cow determines a ceiling, above which her yield could 
not be forced by an increase in feeding intensity. It was, however, 
clear that the problems had many aspects, and that, in order to 
attack them adequately, a better planning of the experiments was 
necessary. Consequently, Kronacher’s paper of 1932 being then 
available, the idea of starting feeding experiments with identical 
cattle twins came readily to mind. The first plans were made during 
1936, and the first experiments begun during the spring of 1937 
(of. “ List”). 

Since the experimental twin work was inaugurated at Wiad, work 
of a similar kind has been started in different parts of the world. 
The most extensive is definitely that at Ruakura Research Station 
near Hamilton, New Zealand, where there are not less than 55 pairs 
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of identical twins (New Zealand Dairy Board, 1946). Twin experi- 
ments are also planned or already under way in Norway, Denmark 
and Finland. In the Veterinary Institute at Skara, in the west part 
of Sweden, work with identical cattle twins has been taken up for 
the purpose of studying some deficiency diseases. 

As stated above, Lillie (1923) found only one case of twin foetuses 
with one corpus luteum among 126 cases of equally sexed twin 
foetuses. In contradistinction to this, our estimate (Bonnier, 19462) 
is about 8 identical pairs among 100 equally sexed twin pairs. This 
is rather too large a discrepancy, and an explanation must be sought. 
Tentatively two explanations might be given: (1) It does not seem 
impossible that an old corpus luteum may be revived, so that in 
certain cases a monozygous pair may be accompanied by two 
corpora lutea. (2) Lillie himself (1923) calls attention to the fact 
that the butchers, on whom he relied for selecting uteri containing 
twins, would be likely to overlook twin pregnancies confined to one 
horn of the uterus. Now, it is to be supposed that identical twins 
always, or nearly always, lie in the same horn. Consequently these 
twin pairs will be present in proportionately smaller numbers in such 
collections of pregnant uteri, than in twin births. 

In conclusion it is worth noting that Gowen based his opinion 
that identical twins were rare in cattle on three different samples 
containing, when pooled, 71 pairs of two males, 209 pairs of one 
male and one female, and 107 pairs of two females, thus there were 
in all 387 pairs. Now, it has been shown (Bonnier, 1946a) that the 
maximum likelihood estimate of the proportion of identical twins 
among all pairs of equally sexed twins, m, is 


_ _2npq—n, 
ee oe 
2pq(n—ng) 
where n is the total number of pairs, n, the number of pairs containing 


one male and one female, / the sex ratio (proportion of males) and 
q=1—p. The standard deviation of m is calculated to be 





I—m 


(I —2mpq)a| 


Using this formula for m, a material containing 4655 twin pairs 
gave as estimate of m, 0-0848 (Bonnier, 19462). The question is 
therefore : How do Gowen’s data fit this estimate? Taking n, p 
and qg from Gowen’s figures, i.e. taking n = 387, p = 0°4535 and 

= 0'5465 but using the above value of m = 0-0848 and substituting 
in the formula for the standard deviation of m, this is found to be 
0:0932. Consequently, if 0-0848 is the “ true”’ estimate of m in a 
population where p = 0°4535, a sample of 387 pairs in which m is 
found to be zero is conceivable. There is thus no contradiction on 
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this point of view between Gowen’s data and those reported elsewhere 
(Bonnier, 19462). It may, however, be recalled that Gowen’s sex- 
ratio p = 0°4535 is unusually low. 


(b) The diagnosis of identical twins 


The tests of monozygosity were based on morphological comparisons 
as well as on serological tests (¢f Bonnier and Hansson, 1946). We 
hoped—and believed—that these serological tests would prove to be 
of a crucial nature. Since then, however, American investigations 
have shown (Owen, 1945) that there are no blood reactions after 
transfusions either between identicals or, in the majority of cases, 
between fraternals. This is due to the common blood vessel which 
is known to link the twins during the fcetal life in about go per cent. 
of all cattle twin pregnancies. All tests of the young calves must 
therefore be based on morphological grounds. The following criteria 
seemed to us to be of value (cf. Bonnier and Hansson, 1946) :— 


Markings and shade of colour. 

Number, position and direction of hair-whorls. 

Size, position and colours of eyes. 

Colour and shape of tails and especially of tail brushes. 
Colour and print of muzzles. 

Shape of udders, ears and heads. 

The way in which the hairs cover different parts of the body. 


There is unfortunately no single character which is crucial ; and 
conversely, any one character might be dissimilar on the two twins 
without affecting their monozygosity. For instance, markings and 
colour distributions, though of the same general type, may be rather 
dissimilar in their outlines, as may easily be seen on available cases 
of Siamese cattle twins. In a case with two heads, four fore legs, 
two hind legs and two tails the expression of the colour markings on 
the two fore heads and the four fore legs are seen in the plate. It 
is obvious that the contour lines of the markings are rather dis- 
similar. The fore legs show mirror imaging ; in fact, mirror images 
are met with rather commonly. 

It happens now and then that some special, more or less un- 
common character, is found in one of the twins. If the same 
character is not found in the other twin, we are very much inclined 
to discard the pair as being fraternal. As examples of such not too 
common characters the following two may be mentioned: extra 
teats (one or two, including their positions) ; asymmetrically situated 
hair-whorls in the face. 

It is difficult to order the different characters with regard to their 
importance for diagnosis. We think, however, that for instance, 
colour-shade of the body and colour and shape of tail brushes always 

A2 
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must be strongly similar in two identical twins, whereas this is less 
necessary with regard, for instance, to shape of markings. Now, it is 
of course in itself difficult to grade the degree of resemblance for 
characters which cannot be exactly measured. And we think it 
inadvisable to use some formula including grading-figures for tests of 
monozygosity, since this seems to us to give an air of more exactitude 
to the tests than they in fact have. 

But there is another body of facts which seems to us to add much to 
the exactitude of our final diagnoses. As pointed out above, we make 
the first tests as soon as the twin calves arrive at the Institute, i.e. 
when the calves are only a few weeks old. Several pairs are already 
at that moment discarded as being more or less surely fraternals or at 
least so much dissimilar that they never could be proved to be 





Fic. 1.—Photographs of contour lines of the backs of four grown-up identical twin pairs. 


identicals. Of the pairs which are retained as identicals, some are 
similar to such a high degree as to make a very quick diagnosis possible, 
whereas in others the first diagnoses take longer time. But in any 
case, these first diagnoses are made on very young animals, and this 
means that fewer characters are available for diagnosis than if the 
tests had been made later: the young calves have no horns, no 
full-grown udders, no clear silhouette lines under the jaws or of the 
backs. And there are several other characters which are lacking for 
comparisons of young animals. But if the primary test, according to 
which a certain pair has been classified as identical, was correct, then 
of course all later full-grown characters must also be similar to a high 
degree. It has accordingly happened in a few cases that we have 
had to discard twins which we earlier had believed to be identical. 
In the great majority, however, all later developing characters have 
proved to be as similar as those on which the first tests were based 


(fig. 1). 
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(c) The efficiency of experiments with identical twins 


There are obviously many reasons which account for the fact that 
Applied Genetics has made so much more progress in the field of 
agricultural plants than in that of farm animals. For instance, several 
of the most important plants (e.g. wheat) are autogamous, and thus, 
after crossing attain homozygosity, i.e. constancy, in a few generations 
and without interference from an experimenter. Such constancy, so 
important from the practical breeder’s point of view, is already 
reached at the beginning in all those plants which normally reproduce 
vegetatively (e.g. potatoes) or apomictically (eg. many pasture 
grasses). Further, in allogamous species, the very high numbers of 
individuals result in the fact that only small variations occur from 
generation to generation in the proportions of the different genotypes, 
and thus, in this case as well, quite a high degree of constancy is 
secured. It may also be recalled that yield, the genetics of which is 
studied, is often sex-limited in animals (e.g. milk, eggs), which renders 
all investigations more difficult. The usually slower rate of change of 
generation, the smaller numbers in the progenies of the parental 
pairs, and the much higher costs of the individuals are finally also 
worthy of mention. 

But there is still one important fact, which renders the application 
of genetic principles and the interpretation of experimental results 
more difficult in the case of animals than of plants : namely, that the 
plant breeder has much greater possibilities of arranging his experi- 
ments in such a way as to make the results appropriate for a penetrating 
statistical analysis. To divide the variance according to different 
causes of variation, and hence to eliminate the influence of certain 
causes, when studying the effect of other causes, has been made 
possible by investigation into the design of plant experiments, as 
studied, e.g. by Fisher (1935). One has, for instance, only to recall 
the randomisation of blocks and the Latin Square method, by which 
influences of soil differences can be effectively eliminated, and 
consequently true estimates be made of the effects of differences of 
variety and manure, as well as of non-linear interactions between 
these two causes. 

No corresponding method applicable to animal investigations has 
hitherto existed. There are two different types of method which are 
usually made use of within this sphere of study. The first of these 
is the statistical treatment of data collected from the field as introduced 
by Wright (1920, 1921a, 19216) and fulfilled in such a remarkable 
way by Lush and his school. (Amongst their many papers, the 
following may be quoted : 1935, 1936, 1940, 1942). Much knowledge 
of great importance has indeed been gained by this method. But 
as being based on field-collected figures the raw material of these 
studies will never have the merit of figures gained from well-controlled 
experiments, and cannot be made accessible for detailed statistical 
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treatment in the same way as can experiments which are especially 
designed with this purpose in mind. The other method is an experi- 
mental one which, however, has never—or at least very seldom— 
been used for studies of genetical differences, but much more for 
studies of differences between feeding stuffs, managements and so 
forth. This method consists of dividing the animals into a number 
of groups and treating the groups in different ways. But the differences: 
between the average yields of the groups are due not only to differences 
of treatment, but also to genetical differences. In order to minimise 
these latter differences—which will be included among the variance 
due to error—two means are available : 

(1) All groups should contain the same number of animals, and, 
to each animal in one of the groups, there should correspond one 
animal in each of the other groups. With the aid of what knowledge 
there may be at hand, this correspondence is made in such a way 
that the performance of all animals within a set of corresponding 
animals is as equal as possible at the beginning of the experiment. 
For instance, when a group experiment is started in cattle with the 
aim of studying the influence of some special feeding stuff on milk 
production, all cows within a set of corresponding cows should yield 
the same daily amount when the experiment starts. But if this 
equality at the start is to be of any value, it must implicitly be supposed 
that the animals would remain equal if all groups had been treated 
similarly. It is, however, a simple task to show by examples (Bonnier, 
Hansson and Diiring, 1946) that this similarity in milk production 
is extinguished very quickly. In contradistinction to this, if the 
experiment contains two groups, and if, to each cow in one of the 
groups there corresponds an identical twin sister in the other group, 
the equality of the two groups is absolute and ascertained at the end 
as well as at the beginning of the experiment. 

(2) The groups are made as large as possible. But, especially in 
the case of such expensive animals as cattle, it is difficult to maintain 
experiments in large groups except for rather short periods. Therefore 
a group experiment is usually completed within the space of a few 
months, and often after a few weeks. However, it is our experience 
that many conclusions which would have been drawn from an experi- 
ment on cattle yield would have been quite erroneous if the experiment 
had been ended after such a short time. 

It is now possible to study how large two groups of cattle must 
be in the case where the cows of the one group are mainly unrelated 
to the cows of the other group, in order to make the experiment as 
efficient as if each group had contained one twin of a number of 
identical twin pairs. Two experiments may, in this connection, be 
said to be equally efficient if they give the same amount of information, 
i.e. if their significance is equal. Such.a study is made by comparing, 
on the one hand, the mean squares between twin pair means, with, 
on the other hand, the mean squares within pairs. In the case where 
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all animals are treated similarly, the ratio of these two mean squares 
measures the relative efficiency of the two kinds of experiments. As has 
been shown (Bonnier, Hansson and Diiring, 1946), twin experiments 
are at least twenty times as efficient as ordinary group experiments 
in the case of experiments on growth rates of young heifers. In the 
case of milk yield, no appropriate experiments are available for such 
comparisons, but it has seemed fair to conclude that the twin 
experiments in such a study are at least five times as efficient as group 
experiments. Thus these conclusions, for instance, tell us that in a 
study on growth three pairs of identical twins give at least the same 
amount of information as if the experiment had been performed as 
an ordinary group experiment with two groups each containing sixty 
animals. Twin experiments can therefore, without affecting their 
efficiency, be made with very much smaller numbers of animals. It 
must, though, be remembered that twin groups which are too small 
may affect the animals’ representativeness of their breed. 

Identical cattle twins are a very suitable means for studies of many 
different kinds, and the high efficiency of twin experiments guarantees 
not only more significant results, but also smaller experimental costs. 
They are especially suitable for all kinds of investigations on the 
effects of different environments upon yield, growth, disease, fertility 
and so forth. And, in the cases where the experiments are well 
designed, a very good knowledge will also be gained with regard to 
the réle played by heredity, as well as with regard to the importance 
of non-linear interactions between heredity and environment. It is 
obvious that the experimental plans may be varied in a practically 
unlimited number of ways. But it is also obvious that the more the 
plans are varied, the deeper and fuller will our knowledge be about 
the forces in action. It seems, therefore, to be highly desirable that 
experiments with identical cattle twins should be undertaken in many 
experimental investigations. 


2. THE DESIGN OF TWIN EXPERIMENTS 


A series of experiments in which n pairs of identical twins are 
involved may be outlined as a 2 Xn table (table 1). The letters in 
the table may denote either the animals themselves or the character 
to be studied, such as milk yield, body weight, fertility, length of 
hair, grade of resistance to some disease, metabolism of a particular 
substance, heart activity, and so forth. Now, in a table containing 
n rows and two columns the variance can be separated into three parts, 
viz. that due to differences between rows, that due to differences 
between columns and that due to non-linear interactions between 
rows and columns. In a twin experiment the different pairs come, 
in the great majority of cases, from different herds, and the pairs are 
consequently practically always unrelated. The differences between 
rows are thus due to hereditary causes, though only mainly, since 





10 GERT BONNIER AND ARTUR HANSSON 


environment also has some influence as long as all A-animals are 
not treated exactly alike, and as long as the same is not the case with 
all a-animals. On the other hand, the differences between columns 














TABLE 1 

Diagram to illustrate a twin experiment 

Twins Total 
A, a A\+a, 
Ay a, Ag+4, 
An ay Anta, 

Total - | Ay+Agt+ . . +4, Q;+ag+ . . +a, A,+Agt+ ... +4nt+ 
| +a,+4,+ ses + a, 

















are entirely of an environmental nature, since there are no genetical 
differences between two identical twins. Thus one of the grounds for 
classification is wholly due to one particular cause, whereas the other 
is due to another cause but only in addition to the foregoing one. If, 
therefore, it is desired to make a partition of the variance according 
to heredity, environment and non-linear interactions between heredity 
and environment—and this is in many of our experiments an important 
problem—then one must in the design of the experiments, endeavour 
to make the environmental differences between rows, i.e. between twin 
pairs, as small as possible. The ideal would be to treat all A-animals 
exactly alike and to do the same with all a-animals. We will refer 
to this principle under the name of “ equality principle.” Now, 
feeding intensity interferes with practically all functions which may 
be the subject of cattle studies, and our investigations are therefore 
primarily devoted to studies of the effects of different feeding intensities. 
With regard to the design of experiments, this means that the equality 
principle should especially be applied to feeding, i.e. we must try to 
feed all A-animals as equally as possible and also all a-animals as 
equally as possible. But when doing so the serious difficulty arises : 
What is to be meant by “ equal feeding ” ? 

In ordinary practice the animals are fed with regard to their own 
weights and yields. Thus if one heifer weighs more than another 
heifer, the former gets more fodder to eat, even if the animals are of 
the same age. Likewise, a cow which has a higher daily milk yield 
than another is also given higher rations. The reason for this practice 
is self-evident, and, though two animals of different growth rates or 
different milk yields get different amounts of feed, this practice ensures, 
as far as possible, an equal state of nourishment. And from this 
point of view it may be said that feeding according to weight and 
milk yield fulfils the requirements of the equality principle. On 
the other hand, it may reasonably be claimed that the equality 
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principle is better fulfilled if the animals are really given equal 
amounts of feed. (To measure if two amounts of feed are in reality 
“equal” is, however, a very difficult task. No reliable method 
exists. In our experiments we use the ordinary Scandinavian 
method of expressing the amounts in “‘ Scandinavian feed-units ”— 
one Scandinavian feed-unit containing 1660 net calories—and in 
grams of digestible protein). Since, according to this interpretation 
of the equality principle, no regard is paid to individual performances 
when making up the individual feed-schedules, these feed-schedules 
may be worked out in advance. But in doing this there are still details 
in the planning of the experiment which must be settled. During 
growth the most natural basis for this plan is the average growth 
curve within the breed. To each age there corresponds a certain 
weight, and to this weight there again corresponds a certain amount 
of feed. Thus a curve may be calculated, in which the abscissa is 
age and the ordinate is amount of feed appropriate for a normal 
growing heifer of the breed in question. Thereafter all animals in the 
experiment may be fed according to this “ normal” curve, or two 
parallel curves may be drawn at different levels—for instance one 
above and one below the “‘ normal ”—and the A-animals fed according 
to the upper and the a-animals according to the lower curve. During 
the first lactation a corresponding plan may be formulated. The 
basis is here a curve in which the abscissa is time instead of age, the 
origo being at the date of calving. The ordinate is amount of feed 
appropriate for a first-lactation cow of average growth, weight and 
milk yield. As before, all cows in the experiment may be fed according 
to this “‘ normal” curve, or two parallel curves may be drawn—for 
instance one above and one below the “ normal ”—and the A-animals 
fed according to the upper, and the a-animals according to the lower 
curve. Corresponding feed-schedules may be worked out for later 
lactations. 

The two interpretations of the equality principle will here be 
referred to as interpretation 1—feeding according to individual weight 
and yield—and interpretation 2—feeding related to “ normal” 
feeding curves. 

One objection to the plan according to interpretation 2 is that its 
logical sequence may be said to be broken just at calving. If all A- 
animals are to be fed equal amounts, and also all a-animals are to be 
fed equal amounts, these two amounts ought to, one may say, refer to 
ages, i.e. the total amount of feed consumed from the beginning of 
the experiment (the start of which in our experiments is practically 
never later than at an age of 30 days) and up to any given age ought 
to be the same for all A-animals and also the same for all a-animals. 
But it is impossible to arrange matters so that several animals calve 
at exactly the same age. If, for instance, animal A, calves at an age of 
goo days and animal A, at an age of 930 days, A, has, prior to calving, 
consumed 30 days more feed than A,. The logical demand would 
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thus seem to be that the “ normal” feeding curve should comprise 
en suite youth and mature age and be made up with regard to the 
*‘ normal ” individual’s growth rate, milk yield, and date of calving. 
The individual feeding within the experiment should thereafter be 
made regardless not only of the individual’s own weight and yield, 
but also regardless of her age at calving. But this has seemed to us 
to be too great a violation of nature, and to carry a logical consequence 
ad absurdum. 

As pointed out above, our principal studies are devoted to questions 
concerning feeding intensities, i.e. concerning the effect of quantitative 
variations. This does not, of course, mean that questions regarding 
the effect of qualitative variations in the fodder are unimportant, 
but that with regard to the relatively limited number of identical 
twin pairs available, the two types of questions may be treated 
separately. And, in order to maximise the possibilities of a correct 
interpretation of the results, one should try and avoid qualitative differ- 
ences in the feed when studying the effects of quantitative variations. 
To give the two sisters of each twin pair a fodder of equal qualitative 
composition is as a rule easily performed. (In our earlier experiments 
we did not adhere to this principle, but we have done so in all later 
experiments.) But to give all A-animals or all a-animals a qualitatively 
equal fodder is more difficult, since different twin pairs usually pass 
given ages at different seasons of the year, ard since the fodder available 
at different seasons is usually qualitatively different. To avoid this 
difficulty all twin pairs taking part in the same experiment ought 
to be as near the same age as possible. (Hitherto we have collected 
our twins during different seasons, but we are now trying to confine 
the collection to a few spring months.) 

Apart from a number of smaller series, the experiments with 
identical cattle twins (females) on effects of variations in the feeding 
intensity, which are conducted at the Animal Breeding Institute, are 
distributed in the following series :— 

(1) Prior to first calving, feeding according to equality principle, 
interpretation 2 (A-animals about 33 per cent. above and a-animals 
about 33 per cent. below “ normal”). From first calving all animals 
normally fed and according to interpretation 1. (Experiment IV in 
** List.”) In this experiment no regard was paid to the desirability 
of avoiding qualitative differences between the feed of A- and 
a-animals. 

(2) Prior to first calving, feeding according to equality principle, 
interpretation 2 (A-animals about 25 per cent. above and a-animals 
about 25 per cent. below “ normal”). From calving according to 
interpretation 2 (A-animals about 12-5 per cent. above and a-animals 
about 12°5 per cent. below “ normal”). (Experiment VI in “ List.’’) 

(3) Prior to first calving, all animals (A and a) normally fed and 
according to equality principle, interpretation 1. From first calving 
according to interpretation 2 (A-animals about 12-5 per cent. above 
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and a-animals about 12-5 per cent. below “ normal”). (Experiment 
VIII in “ List.’’) 

(4) Prior to first calving all animals (A and a) normally fed and 
according to equality principle, interpretation 1. From first calving, 
that animal which calves first in each pair is reckoned as an A-animal, 
and the A-animals are fed normally and according to interpretation 1 
after first calving. Each separate a-animal is then fed in relation 
to her A-sister. Hitherto no pairs have calved, but it is planned to 
start series in some of which the a-animals are fed below their sisters 
(for instance 80 per cent.), and in some of which they are fed above 
their sister (for instance, 120 and 140 per cent.). (Experiment IX 
in *‘ List.’’) . 

(5) Prior to first calving one of the twin-sisters is reckoned as an 
A-animal, and all A-animals are fed normally and according to 
equality principle, interpretation 1. Each separate a-animal is then 
fed in relation to her A-sister (60, 80, 120, 140 per cent. of the sister’s 
feed amount). The plans of feeding after first calving are not yet 
worked out. 

(All definitions above refer to the experimental plans. In the 
actual carrying out of the experiments some minor deviations have 
been impossible to avoid.) 


3. THE ‘‘ CEILING ’» CONCEPT 


Our work with identical twin cattle is typical long-term work. 
Though it has now been going on for a decade it has as yet not 
passed its initial stages. Still, some results concerning the principles 
of how heredity and environment co-operate would appear to have 
crystallised out. That this co-operation is a very complex one is 
what is to be expected. But, in the case of the relations between 
feeding intensity and quantitative characters, it seems nevertheless 
possible to make some statements in terms which are simple enough, 
so long as they are not entered into in too much detail. 

All the experiments which have hitherto been performed at Wiad 
with identical twins indicate very strongly that there exists a genetically 
determined “ceiling” with respect to all kinds of quantitative 
characters. The word “ ceiling” means that at each moment of a 
cow’s life there is a production maximum above which she cannot 
rise, irrespective of the amount of feed consumed. Stated in such a 
general way, the ceiling concept may, however, be looked upon as a 
truism : a milk yield of, say, 100 kilogrammes per day is evidently a 
ceiling which no animal reaches. But we find that there must exist 
ceilings at different levels which are characteristic of different 
genotypes. 

The following examples may help to illustrate the matter. During 
the growth period there are, of course, considerable differences in the 





14 GERT BONNIER AND ARTUR HANSSON 


growth rates of the A- and a-animals of each pair in our experiments 
IV and VI (1 and 2 in the description, p. 12) and especially so when 
this rate is measured as an increase in live weight (Bonnier and 
Hansson, 1946; Bonnier, 1946) and unpublished). Still, there are 
also marked differences between different pairs, which includes 
big differences between A-animals. There is strong reason to believe 
that these A-animals have been given so much feed that they have 
been able to make use of their whole growing capacity. But in spite 
of this, and in spite of the fact that all A-animals have consumed 
equal amounts of feed, their increase in weight from 30 to 810 days 
of age varies in experiment VI (table 2) from 382 to 482 kilogrammes. 


TABLE 2 


Increase in live weights and heights of shoulders from 1 to 27 months of age of 8 twin pairs 
taking part in experiment VI (experiment 2 in description, p. 12) 




















Increase in live weights Increase in height of shoulders 
(kilogrammes) (centimetres) 

Pair nr. 

A a A a 
322-323 398 324 50 49 
327-328 456 347 43 41 
403-404 382 316 49 45 
409-410 438 341 47 47 
411-412 438 366 54 54 
413-414 482 364, 53 51 
419-420 444 375 53 55 
427-428 468 396 52 51 














It is, for instance, hardly conceivable that any rise in food consumption 
would have been followed by an increase in weight of the A-animal 
in pair 403-404 during the period in question so that it would have 
equalled that of the A-animal in pair 413-414. The difficulty, or 
impossibility, of raising a growth rate above a certain level, the 
“ceiling,” by more intense feeding, is still more pronounced with 
regard to the body measurements, such as height of shoulders (table 2). 

In fig. 2 growth curves are shown for two pairs taking part in experi- 
ment VI (experiment 2, description, p. 12) ; fig. 2a shows the growth 
of live weight and fig. 2b the growth of height of shoulders ; 323 and 
328 are A-animals and 322 and 327 a-animals. The two A-animals 
have consumed the same amount of feed (measured in feed units) 
and the two a-animals have also consumed equal amounts. The 
amount of the a-animals was 60 per cent. of that of the A-animals. 
In spite of these circumstances the heredity of the pairs 322-323 and 
327-328 determined the first of these pairs to be slow growing and the 
other pair to be fast growing. The two figs. 3b and 3c show that in the 















IDENTICAL TWIN GENETICS IN CATTLE 15 


500 


400 


e 
s 
° 


























2 
ws 
<£ 
~ 
FY 
5 
3 200 

100 

i + 4 i nm s a’ nm | rm 4 rm a i nm Sai nm ry A rm i = 
8 12 16 20 ry 
Age in months. 
Fic. 2a. 

120 
§ 
o 
g 100 
o 
a) 
3 
ro} 
a 
n 
ed 
i} 
a 
bo 80 
o 
xq 

60r 

A. i. - . i i % a. i A i i i. A i A i. i A i i 
7) 8 12 18 “30 7 
Age in months. 
Fic. 25. 


Fic. 2.—Growth curves of two twin pairs taking part in experiment VI (exp. 2 im description, 
p. 12): (a) growth of live weight ; (b) growth of height of shoulders. The animals 
322 and 323 form one pair and the animals 327 and 328 another pair. 323 and 328 
are A-animals, fed 25 per cent. above an average normal heifer of the Swedish Red and 
White breed ; 322 and 327 are a-animals, fed 25 per cent. below the same average. 
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case of height of shoulders the heredity plays'a much more important 
réle than in the case of live weight. 

Figs. 3 show average curves of A-animals and a-animals taking 
part in experiment IV (experiment 1 in description, p. 12) and in 
experiment VI (experiment 2 in description, p. 12). The curves 
corresponding to experiment IV are averages for g pairs and the 
curves corresponding to experiment VI are averages for 8 pairs. The 
a-animals in experiment IV have consumed 50 per cent. of their 
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Fic. 3.—Average feed and growth curves of 9 twin pairs taking part in experiment IV 
(exp. 1 in description, p. 12) and of 8 pairs taking part in experiment VI (exp. 2 in 
description, p. 12) ; (a) total amount of feed units given to each A- and to each a-animal 
of the two experiments, as well as the amount of feed units corresponding to a normal 
growing average heifer of the Swedish Red and White breed (N). The total amount 
of feed units given to A- and a-animals lies in experiment IV 33 per cent. above and 
below the normal (N), and in experiment VI 25 per cent. above and below the normal 
(N) ; (6) average growth of live weights of A- and a-animals of the two experiments, 
as well as growth rate of a normal growing average heifer of the Swedish Red and 
White breed (N) ; (c) average growth of height of shoulders of the A- and a-animals 
of the two experiments. 


twin sisters, whereas the corresponding figure for experiment VI is 
60 per cent. The consumption is shown in fig. 3a. N designates 
average of the breed. In accordance with the feeding plan the curves 
in this fig. are symmetrically distributed on either side of the curve N. 
Fig. 35 shows the average growth curves as measured by live weight. 
It is evident that the curves in this case are unsymmetrically dis- 
tributed : the distance between the two a-curves is much greater than 
between the two A-curves, and the curve N runs closer to the A-curves 
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than to the a-curves. And in fact, the animals VI A have averagely 
grown faster than the animals IV A, though they have got less to 
eat. At any rate, fig. 3b makes it very probable that the ceiling is 
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reached in VI A as well as in IV A. Fig. 3¢ finally shows the cor- 
responding average curves of height of shoulders. It is seen that the 
three curves IV A, VIA and VI a run on the same level, whereas 

. B 
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the curve IVa runs very much lower. The feeding in IV was 
33 per cent. above and below normal and in VI 25 per cent. above 
and below normal. Fig. 3¢ may thus be explained by saying that a 
feeding of 25 per cent. below normal interferes very insignificantly 
with the animals’ possibilities to reach their ceilings of height of 
shoulders. By increasing this feed shortage from 25 to 33 per cent. 
a critical limit must, however, have been passed as the severe effect 
shown in curve IV a has been the result. (Cf. section 4 of this paper 
with remark on a gradient.) 

That similar kinds of conclusions must be drawn concerning milk 
yield has been shown in the case of experiment IV in an earlier 
preliminary paper (Bonnier, 19465). In the case of experiment VI, 
in which equality rule, interpretation 2, also prevails after calving, 
some figures may be given here. Five pairs from this experiment 
have, up to date, been milked during 36 weeks of their first lactation. 
In this case, from the day of calving and onwards, all A-animals have 
received 12°5 per cent. more and all a-animals 12-5 per cent. less 
than a “normal” first lactation cow should get. ‘“ Normal” cow 
means here a cow which, during the first 36 weeks after calving, 
produces 3195 kilogrammes of fat-corrected milk (F.C.M.), and 
which weighs 440 kilogrammes at calving, and increases this weight 
during the 36 weeks to 455 kilogrammes. Table 3 shows the actual 


TABLE 3 


Production of 5 twin pairs taking part in experiment VI 
(experiment 2 in description, p. 12) 














Fat corrected milk, P . ‘ 
kilogrammes, during | Weights * after calving, Increase in weer kilo- | 
first lactation’s 36 kilogrammes page ge — peng 
Pair ur. first weeks to 36 weeks thereafter 
A a A a A a 

322-32 2,462 2,742 450 370 go 55 
327-32 3,722 3,373 530 410 10 5 
4093-404 2,740 2,013 410 375 79 35 
409-410 2,550 2,902 510 410 65 20 
411-412 2,087 2,765 490 415 40 50 
Total . 14,461 14,395 “ae “ee 215 165 





























* All weight figures are preliminary and uncertain (see text). This is especially the 
case with the increases in weight during lactation, which have been inserted in the table 
merely to show the general trend of the individual cows. 


results. (V.B.—The weights are ‘preliminary and may be adjusted 
later. This is due to the circumstance that “true” weights are 
found by a graphically made fitting of the actually observed weights 
and this fitting cannot be undertaken until some time has elapsed. 
Therefore the uncertainty refers especially to the increase in weight 
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during lactation.) From the table it will first be seen that the 
average production (milk yield as well as increase in weight) is 
practically equal for A- and for a-animals. There are further marked 
differences between the milk yield of the different pairs, whereas the 
differences within the pairs are comparatively much smaller. The 
mean square of F.C.M. between pair means is 7-5 times the mean 
square within pairs, which is a further evidence for supporting the 
idea of a genetically determined ceiling. In three of the pairs, the 
higher fed animal, the A-animal, has actually yielded more fat 
corrected milk than her low-fed twin sister. In two of the pairs, on 
the other hand, the converse is the fact. In the pair 409-410 the 
350 kilogrammes higher milk yield of the a-animal is, however, 
compensated by a much higher increase in body weight (1 kilo- 
gramme of body weight corresponds roughly to 10 kilogrammes of 
F.C.M.), but in the pair 322-323, the a-animal has produced more 
milk as well as more body weight during lactation. It seems as if the 
ceiling of this pair lies below what corresponds to the a-animals’ feed 
consumption, and that consequently the A-animal of this pair has been 
heavily overfed. This overfeeding has then disturbed the general 
metabolism of the animal in question to such a degree that it was not 
able to reach its ceiling. 

Of course, everything is not explained merely by using the word 
“ ceiling.” The “ceiling” concept contains the essentials of some 
law, and as we believe, a profound law. But we do not know anything 
of the mechanism underlying this law. In the case of milk yield the 
site of this regulating mechanism is naturally sought in the milk 
gland. But it may also in part be situated in the absorption epithelium 
of the intestine and, more generally, in all organs contributing to 
metabolism and transport. Now, the metabolising capacity is related 
to the composition of the feed, some kinds of feed being more easily 
absorbed and metabolised than others. But in our experiments there 
are chiefly quantitative differences between the feed of A- and 
a-animals. Thus we do not know if, and how, the level of the ceiling 
is dependent on qualitative feed differences. In order to be cautious, 
therefore, the definition of the ceiling concept should be adjusted by 
saying : Corresponding to each genotype and to each kind of feed 
composition there exists a ceiling characterised thus : (1) An increase 
in the amount of feed above the ceiling level is not followed by an 
increase in the production ; but may be followed by a decrease if the 
increase in feed is very strong. (2) A decrease in the amount of feed 
below the ceiling level is followed by a decrease in the production. 
As, however, the feed given to the animals in well-kept herds—such as 
the Animal Breeding Institute’s twin herd—is usually of an adequate 
composition, it does not seem very likely that a qualitative change 
in this composition will be able to increase appreciably the production 
of a cow, which has reached its ceiling with the earlier feed 
composition. 
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In the definition of the ceiling concept modified above, we spoke 
of the ceiling as forming an upper boundary of the “ production ” 
of a cow. But a cow’s “ production” is composed of several factors 
among which the most important are milk yield and growth. How 
these different parts will be proportioned under the ceiling is probably 
impossible to predict, but here also there are genetically-determined 
forces in action. 

As will be seen, the definition of the ceiling concept at which we 
have so far arrived is not a very precise one. It is probable that, 
with more knowledge, it will be adjusted several times, thereby gaining 
in precision. But it seems to us that it is a simple and useful descriptive 
word, which, as said above, contains an important genetical truth. 


4. THE COMPONENTS OF THE VARIANCE 


As mentioned above, experiments with identical twins make it 
possible to divide the variance into its three natural parts, viz. that 
due to heredity, that due to environment, and that due to non-linear 
interactions between heredity and environment. When, however, 
comparing two different experiments, such as our experiments IV 
and VI (1 and 2 in the description, p. 12), it is also of great interest 
not only to know the variances but also the mean squares. Table 4 
contains such a comparison for three different measurements and 
for the live weights at 6 and 24 months of age. When looking at this 
table it must be remembered that both these experiments were, 
during growth, planned according to interpretation 2 of the equality 
principle. The difference between the feed amount of A- and a- 
animals was, however, different in the two experiments ; in experiment 
IV the feeding was 33 per cent. above and below normal, but in 
experiment VI it was only 25 per cent. above and below normal. 
It is therefore natural to find that the mean squares for environment 
are much larger in the case of experiment IV than in the case of 
experiment VI. Concerning the mean squares due to heredity, they 
are as a rule somewhat larger in experiment VI than in experiment IV. 
In samples containing so relatively few pairs as in these experiments, 
one cannot expect that the representativeness of the breed will be 
equally weil expressed in each sample. It is therefore not astounding 
that one of the samples, VI, shows a somewhat greater diversity 
than another sample, IV. 

In an analysis such as that made here it is impossible to eliminate 
error variation from interaction variation. That there is nevertheless 
reason to suppose that non-linear interactions sometimes really do 
occur may be shown in an indirect way. We have 8 pairs of identical 
twins in which, during growth, all animals have been normally fed 
without any feeding differences between the two members of the 
different pairs. Thus the average variation between two twin sisters 
here constitutes a good estimate of variation due to error. The live 
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weights have been checked for all 8 pairs, only 5 of them, however, 
having been measured. The mean squares are found in table 5. 
TABLE 5 


Mean squares due to error. Figures from twin pairs within which no feeding differences 
occurred. Analysis of weights is based on 8 pairs, of measurements on 5 pairs 





Age Width of head | Height of shoulders | Length of sacrum | Live weight 





6 months 005 0°72 1°05 54°5 


24 a» 0°25 1°27 1°22 65:0 











These mean squares are, of course, only more or less correct estimates 
of the true error mean squares, but in some cases at least they are of 
a decidedly lower order of magnitude than the combined interaction- 
error mean squares in table 4. 

As pointed out above, the difference in feeding intensity between 
A- and a-animals is greater in experiment IV than in experiment VI. 
If we adhere to the ceiling concept and suppose that all A-animals 
in both experiments have reached their ceilings, the feeding differences 
between the two experiments may also be expressed by saying that 
the undernourishment of the a-animals is less pronounced in VI 
than in IV. In this connection it is interesting to note that different 
measurements have reacted differently in the two experiments, 
Thus, in the case of the width of the head, there is practically no 
influence of environmental differences between A- and a-animals 
in experiment VI, but a rather marked one in experiment IV (table 4). 
Now the feeding difference in VI was 25 per cent. above and below 
normal, and 33 per cent. above and below normal in IV. It may 
seem that the 8 per cent. higher severity of undernourishment in IV 
ought not to have had such a profound effect. The explanation would 
appear to be that there exists a critical level ; if the undernourishment 
remains below this level there will be no effect, but if the undernourish- 
ment is more severe the effect will show. In fact, this level is only 
a new aspect of the “ceiling.” The interesting point, however, is 
that there seems to be a kind of a gradient which apparently runs 
from the head backwards ; the ceiling is reached with quite a low feed 
in the case of the width of head, with a somewhat higher feed in the 
case of the height of shoulders, and with a still higher feed in the case 
of length of sacrum. Finally, it seems probable that the feeding 
intensity may be such that whereas the ceiling of the live weight is 
not attained, the “ ceiling ” of all body measurements are reached. 

Analyses of similar kinds may be made also for milk yield. It 
is, though, somewhat too early to analyse our experiment VI. For 
experiment IV (experiment 1 in description, p. 12) we have, however, 
2 lactations for 6 pairs. In each of these lactations the analysis 
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comprises 9 periods of 28 days each. It may be remembered that in 
this experiment all animals after first calving have been normally 
fed with regard to individual weights and yields. As shown earlier 
in a preliminary paper (Bonnier, 19460), the effect has been that the 
a-animals, which were decidedly undernourished prior to calving, 
have, after calving, used relatively more feed for their residual 


TABLE 6 


Analysis of variance in milk-calories (unit = 1000 calories). Figures based on 6 twin pairs 
Srom experiment IV (experiment 1 in description, p. 12) 


For computations of estimates of variance see table 4 



































Variance in per cent. of 
Mean squares total variance 
Cause of variation 
Lactation I Lactation II Lactation I Lactation II 
Heredity 180,719 741,383 39 gI 
Environment . 176,104 112,947 12 4 
Interaction+ error 70,260 20,342 49 5 
TABLE 7 


Analysis of variance in total calories from milk and gain in weight from the 5th to 36th week 
of each of the two first lactations. One kilogramme’s gain in weight is made equal to 
7500 calories (unit = 1000 calories). Figures based on 6 twin pairs from experiment IV 
(experiment 1 in description, p. 12) 


For computation of estimates of variance see table 4. As the mean square for 
environment in lactation 1 is smaller than the interaction mean square this would lead 
to a negative variance of 7 per cent. These have been deducted from the interaction 
percentage, which, if computed directly, would have given 40 per cent. 





Variance in per cent. of 


Mean squares total variance 


Cause of variation 


























Lactation I Lactation II Lactation I Lactation II 
Heredity 231,901 834,568 67 84 
Environment . 61 123,180 2 
Interaction + error 1,408 62,586 | 33 14 








growing power. Therefore the a-animals have yielded less milk than 
their A-sisters during first lactation. But, as the a-animals have used 
more feed for growth than the A-animals, the average weight difference 
between A and a is less during the second lactation than during the 
first and, consequently, the difference in milk yield between A and a 
is also less during second lactation than during first. In table 6 an 
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analysis is made of the calories within the milk, and in conformity 
with what has just been said, the hereditary part of the variance 
increases greatly from first to second lactation. If the increase in 
live weight is added by evaluating an increase of 1 kilogramme as 
equalling 7:500 calories, the result will be that shown in table 7, 
ie. the average total production of calories is approximately equal 
for A- and a-animals, and practically no influence of environment 
upon variance is found. In a special analysis (on fat yield) we have 
found that error cannot probably contribute more than 2 per cent. 
of the total variance; hence during lactation there is a marked 
non-linear interaction between heredity and environment. 





SUMMARY 


1. This paper begins with a review of earlier cases and studies of 
identical cattle twins. 

2. The high efficiency of experiments with identical twins is stressed. 

3. Some important questions with regard to the design of twin 
experiments are discussed. 

4. The “ceiling” concept of a genotype’s yielding capacity is 
discussed and examples given supporting the assumption that this 
concept covers a genetical truth. 

5. The variance in different experiments is divided into its 
components, viz. that due to heredity, to environment and to non- 
linear interactions between heredity and environment. 
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Photographs of a Siamese pair: (a) left head; (6) right head ; (c) four forelegs. Note 
dissimilarity of markings on the two heads and mirror imaging of markings on 
the legs. 
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|. INTRODUCTION 


Tue phenomenon that forms the subject matter of this paper was first 
described by Carnot and Deflandre in 1896 and independently 
confirmed by Leo Loeb in 1897. If black skin from a spotted guinea- 
pig is grafted to a white area on the same animal, the white skin 
surrounding the black graft blackens from its margin of contact 
radially outwards. Conversely, white skin grafted to a black area 
blackens from its periphery inwards. 

Desultory attempts have been made to interpret this phenomenon 
since its first description 50 years ago (Sale, 1913; Seelig, 1913; 
Seevers and Spencer, 1932 ; Saxton, Schmeckebier and Kelley, 1936 ; 
Lewin and Peck, 1941; Kelley and Loeb, 1939; Fessler, 1941 ; 
Loeb, 1945; Barker, 1947), but they have been handicapped by an 
incomplete knowledge of the structure of normal skin. Billingham and 
Medawar (1947 a and b) found it possible to dispose of current theories 
about the nature of the blackening process and to suggest that it 
involves an infective cellular transformation, i.e. a conversion of cells 
of one true-breeding type into cells of another true-breeding type 
by a serially transmissible process formally similar to a virus infection. 
The object of this paper is to set out the evidence for this new theory 
in full. 


2. THE STRUCTURE OF GUINEA-PIG’S SKIN 


In crude anatomy, guinea-pig’s skin consists of three major layers : 
(a) a fully stratified epidermis (plate I, fig. 1) of composite origin ; 
(b) a thick dermis closely knit to (c) a layer of striped muscle, the 
*‘ panniculus carnosus”’. The principal blood vessels and lymphatics 
of the skin run between layers (b) and (c), but the guinea-pig lacks the 
fascial layer of connective tissue fibres that makes the skin of the 
rabbit strip away so easily at this level, or the layer of fat that makes 
it so difficult to strip away the skin of the mouse. 

The epidermal layer is penetrated from below by upwardly 
directed extensions of the dermis, the dermal papilla. The pattern 
of the hills and valleys so formed may be seen at a glance by removing 
the epidermis from the dermis, laying it upon its cuticular side, and 
thus inspecting it from below. In the integumentary skin of the 
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abdomen and chest the epidermal ridges are broad and shallow 
(plate I, fig. 2) and run dorso-ventrally, each ridge occasionally 
making V- or Y-shaped junctions with its neighbours. The ridges 
of dorsal ear skin (plate I, fig. 3) are deeper and more closely spaced, 
and unions between neighbouring ridges are correspondingly more 
common. The thick and deeply stratified epidermis of the sole of the 
foot forms a very fine even meshwork—in effect, a partially perforated 
plate—through the holes in which the peg-shaped dermal papille 
pass far upwards into the substance of the epidermal layer (plate I, 
fig. 4). 
(i) Pigmented skin 


Black guinea-pig skin owes its colour to melanin granules in the 
superficial epidermis, the epidermis of the hair follicles, and the 
medulla of the hairs. (In rabbits and mice, by contrast, melanin 
granules are absent from the superficial epidermis of integumentary 
skin.) Pigmented epidermis reveals its composite nature very clearly 
when examined from below. Its cellular components are : 

(a) Ordinary epidermal cells, together with their derivatives by 
fission and subsequent keratinisation which form the upper strata 
of the epidermis. 

(b) Pigmentary dendritic cells or melanophores * which are. located 
in the basal layer of the epidermis, though their cell bodies may 
sometimes intrude into the dermis below them (plate I, figs. 5, 6, 7). 
From their nucleated cell bodies arise a modal number of five or six 
primary branches which, repeatedly subdividing, weave horizontally 
and upwards between the ordinary epidermal cells that surround them 
(Billingham and Medawar, 19476 ; Billingham, 1948). The branches, 
which may extend up te 100 » from the parent cell body, each end 
in a cup-shaped button very intimately applied to the surface of an 
ordinary epidermal cell of the basal or “ prickle” layers. In any 
pure epidermal (“ split skin” : see below) preparation that is studied 
closely enough it will be found that a branch from some dendritic 
cells will form an end-cap, not on an epidermal cell within its reach, 
but on the cell body of a neighbouring dendritic cell. Less frequently, 
the branches of neighbouring dendritic cells may be confluent ; but 
this may represent only the temporary aftermath of a recent cell 
division. (Division stages of dendritic cells have been figured by 
Billingham, 1948.) 

Pigmentary dendritic cells are most densely concentrated at the 
bases of the ridges or bulges into which the epidermis is thrown by 
the upward penetration of dermal papille or dermal pegs (plate I, 


* To avoid misunderstanding the term “‘ melanophore ”’ will be used, in this paper only, 
as a convenient abbreviation for “‘ pigmentary dendritic cell” ; but we hope that our 
more precise descriptive term will come into general use. The homology of fish and 
amphibian melanophores with mammalian dendritic cells, though likely, has yet to be 
demonstrated. The change of terminology we recommend has been made necessary by the 
discovery of the non-pigmentary dendritic cell (see below). 
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figs. 2, 3, 4). Their spacing here is such that each dendritic cell is 
within arm’s reach of its neighbours, so that they are capable of 
forming a contiguous system ; but it is doubtful if they can do so at 
the tops of the ridges of integumentary skin, where their distribution 
is rather more sparse (plate I, fig. 2). 

The second principal accumulation of dendritic cells occurs in 
the hair bulbs, which are often so thickly jacketed by pigment as to 
be optically impenetrable. Hair bulb and the basal layer of the 
superficial epidermis are, of course, continuous through the outer 
root sheath of the hair ; but the concentration of dendritic cells falls 
off from the base of the follicle towards its opening, so that dendritic 
cells are either wholly absent from the follicle neck in the region 
where the sebaceous glands open into it (plate I, fig. 8), or are so 
sparse that they do not form a contiguous system. In the majority of 
mature follicles they are altogether absent from this region of the neck. 

Melanin granules are found both in pigmentary dendritic cells 
and in ordinary epidermal cells (plate I, fig. 9); but it has been 
agreed by all students of skin pigmentation in mammals and birds 
(Dorris, 1939; Eastlick, 1939; Hamilton, 1941; Rawles, 1940, 
1947; Ginsburg, 1944) that only the former are capable of making 
melanin. The process by which formed melanin granules are passed 
from the branches of pigmentary dendritic cells into the cytoplasm 
of ordinary epidermal cells is not yet understood, though it must 
clearly be mediated by the cup-shaped buttons in which the branches 
end. Every stage may be distinguished between the formation of 
end-buttons on the surfaces of epidermal cells; the extrusion of 
melanin granules formed in them to make a layer over the nucleus 
(cf. plate I, fig. 9) ; the breaking away of the buttons from parent 
branches ; and the slow diffusion of melanin granules through the 
cytoplasm of the cells into which they have thus penetrated (Billingham, 
1948). Whatever the exact physical mechanism may be, it is clear 
that pigmentary dendritic cells are capable of entering into the most 
intimate cytoplasmic connections with ordinary epidermal cells ; and 
it may be presumed that they form equally intimate connections with 
such other dendritic cells as their branches may end on, since their 
branches are applied to them in exactly the same way. 

Pigmentary dendritic cells turn an intense even black if immersed 
for 3-6 hours at 37°C. in 1 : 1,000,000 solution of 3 : 4-dihydroxy- 
phenylalanine in M-60 phosphate buffer at pH 7-4; i.e. they are 
dopa-positive (Bloch, 1927, 1929; Percival and Stewart, 1930; 
Laidlaw and Blackberg, 1932). It is not universally believed either 
that dihydroxyphenylalanine is a natural oxidation product of 
tyrosine and precursor of melanin (see review by Meirowsky, 1940) 
or that the dopa-reaction indicates the presence of a single specific 
enzyme. There is no doubt, however, that it can be used as an 
indicator of pigmentary function in the cells of the epidermis (Russell, 


1939 ; Ginsburg, 1944). 
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(ii) White skin 

The white skin of the spotted guinea-pig is, of course, colourless ; 
but it differs from the white skin of the “ albino” guinea-pig and of the 
human being in that neither extreme cold nor any known form of 
traumatic or actinic irritation can induce any shadow of pigmentation 
in it (of. Lewin and Peck, 1941 ; Ginsburg, 1944). Correspondingly, 
no element of the white epidermis is dopa-positive (Russell, 1939 ; 
Ginsburg, 1944). (The ears and other points of even albino guinea- 
pigs darken in cold weather ; and dendritic cells, until then invisible, 
show up boldly in split preparations of their skin.) 

The examination of split white skin (t.e. the epidermis freed from 
dermis), either as an intact sheet or as squashes or macerates of various 
degrees of fineness, reveals no element corresponding to the dendritic 
cell of pigmented skin by either normal or phase-contrast microscopy. 
The existence of a non-pigmentary analogue was nevertheless predicted 
by our hypothesis on the nature of the colour transformation, and was 
discovered (Billingham, 1948; cf. Billingham and Medawar, 19476) 
by applying a gold-impregnation technique designed for showing up 
the finer endings of cutaneous nerves (Gairns, 1930). The appropriate 
variant of Gairns’ technique has been described in full by Billingham 
(1948). Area for area, non-pigmentary dendritic cells (plate II, 
figs. 10, 11) resemble their pigmentary analogues in every respect 
save that they are dopa-negative and neither form, nor can be induced 
to form, melanin granules. They are similar in size, form, number, 
and distribution ; in the pattern and length of branching ; and in 
their manner of termination upon the “ ordinary” epidermal cells 
of their domain. As with pigmentary dendritic cells, branches arising 
from one cell may end in a characteristic cap upon the cell-body of 
another; and, more rarely, the branches of neighbouring non- 
pigmentary dendritic cells are confluent. 

Dendritic cells as a class—they are easily identifiable without 
special staining techniques in brown or red guinea-pig skin, as well 
as black—must therefore be regarded as a constant ingredient of the 
epidermis of the guinea-pig, as of the human being (Langerhans, 
1868 ; Billingham, 1948). 

There is, however, one member of the variegated family of 
epidermal epithelia in which it has not been possible to demonstrate 
dendritic cells ; the epithelium of the tongue. Pigmentary dendritic 
cells are likewise absent, for we have found no instance of naturally 
occurring pigmentation in the guinea-pig’s tongue. The absence of 
dendritic cells from the guinea-pig’s tongue has been made the basis 
of a critical experiment (see below). 


3. METHODS 
(i) Histological methods 
The pure epidermal sheet that we have called “ split skin,” 
comprising the whole of the epidermis and nothing but the epidermis, 
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is prepared by dissolving away the elastic fibres that unite it to the 
dermis (Medawar, 1941). To secure an efficient splitting of epidermis 
from dermis it is essential that the skin slices should be as thin as 
possible and of even thickness. The handling of such thin razor 
slices is simplified by smearing the outer surface of the skin with 
vaseline before removal ; they may then be floated on a Seitz-filtered 
0°5 per cent. solution of commercial trypsin powder in Ringer- 
bicarbonate containing 1 : 100,000 phenol red and adjusted thereby 
to pH 7:8. Digestion for 20-30 minutes at 38° C. is sufficient for the 
thinnest even slices, but may be prolonged to 2 hours without killing 
the cells. The slices may then be rinsed by flotation in Ringer’s 
solution and laid with their cuticular surface down. The dermis is 
withdrawn simply by lifting it off with fine forceps. It may be added 
that a 1 per cent. solution of commercial papain powder activated 
by 0-2 per cent. cysteine-HCl and adjusted by N/1o NaOH to pH 6:5 
is equally effective, but has no apparent advantage. Pepsin solutions 
are ineffective. 

The epidermal sheet prepared by tryptic splitting is morpho- 
logically intact (plate II, figs. 12, 13). That its cells are still alive is 
proved beyond possibility of error by the fact that a graft of split 
black skin transplanted to a large raw area cut from white skin heals 
on, proliferates, and continues to form pigment. Other thermal, 
mechanical or chemical methods of splitting away the epidermis 
(of. Baumberger, Suntzeff, and Cowdry, 1942; Cowdry, 1943; 
Suntzeff and Carruthers, 1946) either destroy the architecture of 
skin or kill the epidermal cells. 

Sections of split black skin reveal dendritic cells more clearly 
than sections of full thickness (plate II, fig. 13). 

As a general histological routine we have employed fixation by 
formol-HgCl, or Bouin’s solution, dehydration in an ethyl alcohol 
series, clearing in cedar-wood oil followed by ligroin, and imbedding 
in paraffin wax. Wherever it has been possible, however, we have 
preferred to study living material. 


(ii) Operative methods 


“* Pigment spread,” as the process may non-committally be called, 
takes place during a spotted guinea-pig’s normal life at the margin of 
contact between pigmented and white areas. In a newly-born guinea- 
pig, black skin bearing black hair is sharply separated from white 
skin bearing white hair; but in the adult there is a characteristic 
transitional zone (see below, and plate II, fig. 16) of blackened skin 
bearing white hairs. The normal rate of pigment spread is un- 
workably slow : a grafting operation (a) speeds the process up, since 
grafting is followed by a prolonged period of increased cellular and 
vascular activity in the graft and its neighbourhood ; and (d) brings 
it under experimental control. In all but a few experiments clearly 
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distinguished below, autografts alone have been used—i.e. grafts from 
one part to another of the same individual. Claims in the earlier 
literature that grafts from one individual to another, homografts, do 
or do not participate in pigment spread need not detain us here. 
There is no acceptable evidence that a black skin homograft can 
induce pigmentation in the white skin of its recipient. A white 
skin homograft in a black area will in due course certainly darken, 
but merely as a consequence of the invasive replacement of graft 
epidermis by native epidermis during the former’s breakdown 
(Medawar, 1944). 

Special techniques of grafting (e.g. to or from the foot or tongue) 
will be mentioned as they come up for consideration in the text. 
The basic technique is a variant, adapted to the guinea-pig, of that 
used in the rabbit and fully described by Medawar (1944, 1945). 
Discs of skin up to 1 cm. in diameter and comprising the full thickness 
of the dermis, pinch grafts, may be cut from any skin area and grafted 
to the skin overlying the right or left sides of the chest, where the 
ribs offer a firm substratum (plate II, fig. 14). The graft should as 
a rule fit exactly into a hole cut to receive it ; in effect, into the hole 
left behind by cutting from the recipient area a pinch graft slightly 
smaller than the one intended to take its place. When the graft is in 
position, it is covered successively by (a) a 2 cm. square of vaseline- 
impregnated fine mesh bandage (“tulle gras”) ; (b) a 3-4 cm. square 
of Elastoplast which overlaps the tulle all round and, being firmly 
applied to the previously shaved or closely clipped skin, prevents 
side-slip ; and (c) two strips (2°5-4:0 cm. by 30-40 cm.) of plaster- 
impregnated bandage (“‘ Gypsona’”’) firmly wound round the thorax 
immediately after wetting. When the plaster dries it forms a firm 
but not inflexible protective jacket which sticks to the hairs beneath 
it, though not to the graft’s immediate dressings, and is thereby held 
firmly in place. Painting the dried plaster with a saturated solution 
of picric acid discourages the animal’s attempts to gnaw it away. 

Primary inspection may be made after 7-10 days, during the course 
of which the graft donor area heals by first intention. The plaster 
jacket may be peeled off without special precautions, but the Elastoplast 
square should be damped with ether before any attempt is made to 
remove it. An ingredient of the Elastoplast sometimes causes a slight 
inflammation of the skin, particularly if the operation field has been 
shaved, rather than close-clipped, on the day of grafting. If there 
is any noticeable reaction, it is as well to soothe the skin with vaseline 
or gentian violet jelly. Otherwise the guinea-pig may be provoked 
into scratching the operation field and damaging the graft. 

After the primary inspection it is well worth while protecting the 
young graft by twisting three turns of 4 cm.-wide plain bandage round 
the thorax and sealing it in place with one strip of plaster bandage. 
This temporary dressing may be removed after a further 5-7 days. 
No other is required. 

















PIGMENT SPREAD AND CELL HEREDITY 35 


The dressing technique we have described was worked out after a 
great many preliminary trials, and we are satisfied that no part of it 
can be omitted without prejudicing the success of the grafts. 


3. THE PHENOMENON OF PIGMENT SPREAD 


In this section we shall outline our basic observations on the 
spread of pigmentation in the body skin of spotted guinea-pigs. A 
study of 12 white-in-black or black-in-white skin autografts in spotted 
mice had already revealed no trace of pigment spread after 100 days, 
and two similar experiments with rabbits revealed no spread after 
more than 150 days. The fact that pigmentary and non-pigmentary 
dendritic cells are alike absent from the superficial epidermis of the 
body skin of rabbits and mice reinforces our conclusion (see below) 
that the spreading phenomenon is mediated by dendritic cells. 

After transplanting a pinch graft of white skin to a black area, 
or vice versa, there is a latent period of spread lasting 20-30 days, 
during the course of which the graft heals in, settles down (in the sense 
that the characteristic initial outburst of cellular and vascular 
proliferation subsides), and grows a full pelt of hairs of graft-specific 
colour, stoutness, density and orientation. (In the period 8-16 days, 
corresponding to the time of maximal mitotic activity in the epidermis 
—cf. Medawar, 1944—black skin grafts undergo a very decided but 
merely transient blanching.) If the graft has been very exactly fitted 
to its recipient area, the margin between black skin bearing black 
hairs and white skin bearing white hairs is incisive. The first indication 
of pigment spread is the blurring of this margin. Spread of pigmenta- 
tion in the superficial epidermis then goes on progressively, in the 
manner illustrated by the accompanying series of cellophane tracings 
(fig. 1), at a rate which, in the case of black-in-white grafts, falls 
off from something of the order of 1 mm. per week to I mm. per 
month or less. The inwards spread in the case of a white-in-black 
graft is about half as fast. In either case, spread will for all practical 
purposes have stopped after a year, though it may be renewed at any 
point at or within the perimeter of the blackened area by cutting or 
irritating the skin. Correspondingly, the rate of spread is slightly 
but significantly increased by painting the skin with an irritant 
(e.g. turpentine and acetone in equal mixture: Rous, 1946) which 
maintains a hyperplastic condition of the epidermis. Repeated 
shaving does as much. 

The principal characteristics of the spreading phenomenon in body 
skin (plate II, figs. 15-18, and cf. plate IV, fig. 26) are these. (A) 
The hairs of artificially blackened white skin remain white, and 
sections of such skin show that melanin granules are confined to the 
superficial epidermis—mainly to the dendritic cells. By repeated 
trauma—most conveniently by repeated serial grafting (see below)— 
it is however possible to induce the formation of up to 10 per cent. of 
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Fic. 1.—Series of direct celluloid tracings illustrating the progress of pigment spread in 
black-in-white grafts (A, C, D) and in a white-in-black graft (B). Confluence with 
the transition zone of normal spread is illustrated by the last three tracings in (D). 
The numbers refer to days since transplantation. All figures have been drawn to the 
same scale. 
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black hairs from superficially blackened white skin. (B) Pigment 
spread is reticulate, not homogeneous in pattern: it appears in 
characteristic black threads and tongues running between the hair 
rows and near to the hair bases in the acute angle of slope, occasionally 
uniting in V- or Y-shaped junctions. The pattern corresponds exactly 
with the pattern of ridges (plate I, fig. 2) in the epidermis of body 
skin. (C) The pattern of spread is uniformly reticulate over the whole 
area of artificial pigmentation ; 7.e. it is no denser at the centre than 
at the periphery. 

If a graft is not fitted exactly to its recipient area, but is surrounded 
on planting by an annulus of unsurfaced skin bed, the appearance is 
at first a little different. The raw annulus is rapidly surfaced by 
migratory outgrowth of epithelium from the graft accompanied by 
ingrowth from the margins of the raw area. Since this epithelium is 
abnormally thick, the resurfaced annulus will appear blacker than 
the graft or the surrounding skin, whichever was black in the first 
instance. 

Pigment spread may be initiated by grafts of split black skin (i.e. 
of the pure epidermis) to white areas. Conversely, split white skin is 
blackened after grafting to a black area. It follows that initiation of, 
and response to, artificial blackening is secured by cellular elements 
of the epidermis alone, although it still might be possible for the 
dermis or fibrous substratum to mediate the process, ¢.g. by acting 
as a thoroughfare for the migration of cells out of and into the 
epidermal layer. It may be added that any surviving tag of black 
skin, representing the fractional remainder of a badly executed graft, 
may prove to act as the centre of origin of pigment spread. 

In seven independent trials we have recorded no instance of 
pigment spread being initiated by a black skin homograft, however 
small. Other things being equal, the survival time of a homograft 
varies inversely with the amount of foreign tissue that is grafted 
(Medawar, 1944, 1945). We therefore used the smallest grafts 
possible—squares of less than 1 mm. in length of side—in order to 
prolong their life as homografts to its maximum extent. Part of the 
theoretical advantage of using such small homografts is offset by the 
fact that, when tucked intradermally, as their minute size requires 
them to be, their epidermis takes an abnormally long time to become 
confluent with the native epidermis above. Some grafts encyst 
themselves and fail to do so altogether. Nevertheless, four of five 
autografts transplanted in exactly similar fashion became centres of 
origin of pigment spread, and the consolidation of intradermal 
homografts with native skin was made evident in one case by its 
piercing the surface to form two isolated black hairs. Only two 
of the intradermal autografts grew hairs in this fashion. 


c2 
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4. SYSTEMATIC ANALYSIS OF THE PHENOMENON 


In this section, four hypotheses concerning the nature of pigment 
spread will be considered in turn. 

(I) Invasive cellular replacement. Black skin is “‘ dominant to” or 
** stronger than”? white ; and when the two are juxtaposed, black 
epidermis invades and replaces white epidermis, much as native 
epithelium will invade and replace the degenerating epithelium of a 
skin homograft. This is Loeb’s theory (cf. Loeb, 1945). 

(II) Diffusion. White skin lacks some essential enzyme, co-enzyme, 
or metabolic intermediary that is essential for making melanin. This 
diffuses from black skin into white across epidermal cell interfaces or 
** bridges,” and so endows white skin with pigmentary function. 
A variant of this theory was considered by Lewin and Peck (1941). 
Alternatively, white skin is fully equipped to manufacture melanin, 
but is prevented from doing so by an inhibitory substance. What 
diffuses from black skin into white is an anti-inhibitor. 

(III) Melanophore migration. ‘The phenomenon of spread is brought 
about by the active differential migration of pigmentary dendritic cells 
from black skin into white. This hypothesis has been considered in 
passing by many authors, and only the lack, until now, of suitable 
methods for studying their structure and distribution has denied it 
a stronger championship. 

(IV) Infection. Pigment spread involves a cellular transformation 
of the “infective” type. By “cellular transformation” is implied 
that certain non-pigmentary cells of white skin are converted into 
pigment-forming cells, in such a manner that they, and their lineal 
descendants by mitotic fission, remain pigmentary in function there- 
after ; and by “ infective ” is meant that the transformation is serially 
transmissible, so that one cell infectively transformed may in its turn 
transform another (cf. Medawar, 1947). 


(i) The hypothesis of invasive replacement 


The refutation of this hypothesis turns upon the fact that the 
various races of epidermal epithelia are strictly ¢rue-breeding in their 
mitotic lineage, and so conserve their specific differences indefinitely 
on heterotopic transplantation, 1.e. transplantation to anatomically 
unnatural positions. Even the smallest pinch grafts of sole-of-foot, 
tongue, and claw-forming epithelium do, indeed, preserve their very 
distinctive graft-specific characters in any position to which they can 
be successfully transplanted (cf. plate III, figs. 19-24; plate IV, 
figs. 26-30, 32). But if hypothesis (I) is correct, the outcome of a 
heterotopic transplantation of (say) white sole-of-foot epidermis into 
black body skin is at once predictable: black body-skin epidermis 
will invade and replace white sole-of-foot epidermis, forming in the 
outcome a graft surfaced by the epithelium characteristic of body skin. 
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This does not in fact happen. If a pinch graft is cut from a white 
sole and transplanted to black chest skin (plate III, fig. 19) the graft 
duly blackens; but it remains a sole-of-foot graft, with its 
characteristically high growth rate and deep epidermal stratification. 
Pads of compact cuticle, which in normal life would be worn away, 
can be removed from the graft weekly. In vertical section (plate III, 
figs. 20, 21) the margin between integumentary and sole epithelium 
is absolutely incisive.* Once blackened in this way, moreover, a 
sole-of-foot graft may be returned to its original environment, where 
it converts the surrounding white sole into what is indisputably a 
black sole (plate IV, fig. 25). 

In just the same way, the lunula (claw-forming area) of a white 
claw (plate III, fig. 22; and see le Gros Clark, 1936) may be 
transplanted bodily to black thoracic skin; whereupon it turns 
relatively rapidly (30-50 days), not into black skin, but into a black 
claw. Here, as before, the boundary between the two types of epithelia 
can be distinguished almost to a cellular interface (plate III, figs. 23, 
24). White vagina epithelium does not lend itself so well to this 
demonstration, since its differences from integumentary skin are not 
so clean-cut; but an artificially blackened white vaginal graft 
conserves its characteristic surface appearance and_ cellular 
stratification. 

These experiments constitute a decisive refutation of the hypothesis 
of invasive replacement, which will not be referred to again. 


(ii) The diffusion hypothesis 


There is nothing fundamentally implausible in the idea that an 
enzyme or co-enzyme diffuses from one epidermal cell into another. 
The variant of the hypothesis which postulates the diffusion of an 
anti-inhibitor is perhaps slightly more acceptable, because white 
human skin, which can manufacture melanin, seems to be prevented 
from doing so by an inhibitory substance (Rothman, Krysa, and 
Smiljanic, 1946). It has already been pointed out, however, that 
nothing appears to be able to induce pigmentation in the white skin 
of spotted guinea-pigs except the spreading process initiated by 
black skin. 

The quantitative properties of the process of spread challenge 
both variants of the hypothesis. The density of pigmentation does not, 
for example, fall off from the hypothetical diffusion centre to the 
periphery. The decisive objections, however, are (a) that the artificial 
blackening of a white epithelium represents the initiation of an 
inherited character difference : the descendants of a cell once blackened 

* The fact that the high growth rate of sole-of-foot epithelium represents an inherited 
somatic character difference is anticipated by genetical theory, since animals are born with 
thickened soles ready-made. As with so many other cases, the thickening of the sole has 


become a cause celébre among upholders of the theory of inheritance of acquired characters, 
because it is so easy to mimic phenotypically—by chronic irritation, for example. 
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remain pigmentary in function over the span of a lineage which in 
our Own experience amounts to hundreds of cellular generations ; 
and (b) the pigmentary function is serially transmissible without loss. 
If, following Fessler (1941), a small part of the blackened annulus 
surrounding a black-in-white integumentary skin graft is removed and 
grafted to new white surroundings elsewhere, it duly blackens the skin 
about it. Part of this newly blackened annulus may again be removed 
and grafted to a new white environment and will again blacken it ; 
and so on (fig. 2). We have carried such serial transplantations to 





Fic, 2.—Illustrating the principle of the experiment used to demonstrate the serial 
propagation of pigment spread (see text). 


the fourth stage, representing a dilution of the order of 1 : 1000 of 
the hypothetical diffusing substance of the ancestral graft. The density 
of pigmentation was not reduced, and its rate was revived and 
maintained by the repeated “‘ activations’ consequent on grafting. 
Moreover, pigmentation in the farthest boundary of spread from a 
late stage graft may be intensified at will by any form of simple injury 
that will cause the skin to be repaired by a temporarily thickened 
epithelium—a circumstance that requires the postulation of an 
indefinitely large reservoir of diffusing substance. In short, whatever 
it is that causes white skin to turn black must multiply with, or be 
repeatedly generated anew in, the tissue that houses it. A simple 
diffusion hypothesis is therefore unacceptable. 


(iii) The hypothesis of melanophore migration 

Since pigmentary dendritic cells (melanophores) are the 
acknowledged origin and seat of the pigmentary function in coloured 
skins, it is a reasonable guess that pigment spread represents the 
outcome of their differential migration from black skin into white. 
In early development dendritic cells do in fact migrate from the 
neural crest to their stations at the periphery (Rawles, 1940, 1947). 
This can hardly be regarded as a distinctive property of melanophores, 
for the newly discovered non-pigmentary dendritic cells presumably 
do likewise ; and, indeed, the ancestors of every cell in the body at 
some time migrated from their presumptive to their definitive positions. 

The melanophore migration theory accounts perfectly well for the 
facts already considered in relation to hypotheses (i) and (ii) ; under 
(i) because melanophores from black body skin might well migrate 
into (say) white nail and so blacken it, and under (ii) because a 
migrated melanophore could satisfy by periodic cell division the 
condition that the blackening agent should proliferate in the tissue 











Plate I 


Fic. 1.—Vertical section through pigmented 
guinea-pig’s skin cut transversely to 
the hair shafts. Note the thickness 
and characteristic stratification of the 
epidermis. Hematoxylin and eosin. 
X 110. 


Fics. 2, 3, 4.—The epidermal ridging 
characteristic of body skin (fig. 2), ear 
skin (fig. 3), and sole of foot (fig. 4), in 
unstained whole mounts of the pure 
pigmented epidermis viewed from the 
underside. 30. 


Fics. 5, 6, 7.—Pigmentary dendritic cells, 
Fig. 5 (600) is a high-power photo- 
graph of a preparation exactly similar 
to that illustrated by fig. 3 after 
subjection to dopa treatment for one 
hour. The preparation is unsquashed 
and the distribution and optical depth 
of the dendritic cells of ear skin is thus 
normal ; ordinary epidermal cells are 
invisible. Figs. 6 and 7 (550) are 
from surviving preparations of split 
black ear skin lightly squashed in 
Ringer’s solution. The dendritic cells 
are clearly nucleate. Note that melanin 
granules are present in the ordinary 
epidermal cells round which the 
dendritic cell processes normally twine. 


Fic. 9.—Isolated “ordinary” epidermal 
. 8.—Vertical section through pigmented cells from deeply pigmented ear skin 
body skin cut very exactly in the plane (x1 100) about ae hour after teasing 
of hair slope and lightly stained out in Ringer’s solution. Melanin 


with carmalum and orange-G (x90). granules are present in the cells in 
Melanin granules and dendritic cells their characteristic initial nuclear cap. 


are wholly absent from the hair follicle Cytolysis is clearly just beginning. 
neck (bottom right corner), though 

densely concentrated in the basal layer 

of the superficial epidermis. 








Plate II 


Fics. 10, 11.—Von-pigmentary dendritic cells from the white ear skin of a spotted guinea-pig, 
in an epidermal squash of a preparation stained by Billingham’s variant of Gairns’ 
gold-impregnation method. Note that the distribution, number, size, and mode of 
branching is just the same as with pigmentary dendritic cells, though fixation in 
25 per cent. formic acid has caused them to appear slightly more compact and wiry. 
The nuclei of ordinary epidermal cells are easily visible. Non-pigmentary dendritic 
cells are quite invisible in the living epidermis. Fig. 10 x 150; fig. 11 X 270. 


Fics. 12, 13.—‘ Split * black ear skin: the 
pure epidermis separated from the 
dermis by tryptic digestion, in vertical 
section lightly stained by Ehrlich’s 
hematoxylin and eosm. Dendritic cells 
are more prominent than in sections 
of full-thickness skin. Fig. 12 x110; 


fig. 18 X 500. Fies. 15, 16 (and ¢f. fig. 26).—-Black-in-white 


body skin grafts showing the extent of 
pigment spread after 89 and 106 days 
respectively. Note that the pattern of 
spread is reticular but even, and that 
the hairs of blackened white skin remain 
white. In fig. 16 note the transitional 
zone of natural pigment spread (top 
left) towards which pigment from the 
graft is creeping. 


Fic. 14.—Spotted guinea-pig with first and 
early second-stage grafts in position on 
the left side of the chest and spreading. 


Fics. 17, 18 (and ¢f. fig. 19).—Early (48 days) and late (286 days) stages in the blackening of 
white-in-black integumentary skin grafts. Even in the old graft (fig. 18) a small central 
patch remains unblackened. The full extent of the graft is indicated by the white hairs 
that continue to grow from it (¢f. figs. 15, 16). 











Plate Ill 


Fics. 20, 21.—Sections through the margins 


Fic. 


Fic. 


of a white sole-of-foot graft in black skin 
(¢f. fig. 19) which has undergone full 
blackening 51 days after transplantation. 
Note the clean-cut distinction between 
pigmented body epidermis and the more 
heavily pigmented epidermis of the sole 
of the foot, which is still proliferating 
strongly and producing layer after layer 
of dense cuticle. Ehrlich’s hematoxylin 
and eosin. X 110, 


22.—Illustrating the “lunula” of a 
white guinea-pig’s claw, occupying the 
same relative position as the half-moon 
of human nails. Beneath the lunula 
lies the claw-forming epithelium. 


Fic. 19.—White sole-of-foot graft 268 days 


Fic. 


after transplanting to black body skin : 
the graft is of course bald and heavily 
cuticularised, and has long since become 
a very dense even black. Even at this 
stage pads of compact cuticle, remaining 
attached for lack of natural wear, can 
be removed weekly (¢f. fig. 26). 


23.—Claw-forming epithelium from 
the lunula of a white claw (fig. 22) 
almost completely blackened 33 days 
after transplanting to black chest skin. 
Note the compact half-crescent of 
exceedingly dense claw _ substance. 
Ehrlich’s hematoxylin and eosin. X 35. 


24.—As fig. 23; a high-power view of the claw-skin junction (Xx 156) showing the 
basal layer of the claw epidermis far more densely laden with melanin granules than 
the surrounding black body skin. The junction between the loose flaky skin cuticle 


and the tough horny claw is quite incisive. 


























Plate IV 


Fic. 25.—A small graft from this originally 


pure white sole was “ infected” by 
transplantation to black integumentary 
skin, and a central portion of it was 
then grafted back to the sole with the 
aid of Elastoplast dressings. Note the 
spread of deep homogeneous pigmenta- 
tion. The graft can just be discerned 
in the centre of the blackened area. 


Fics. 27, 28.—Two small tongue grafts in 


black body skin, both removed 141 days 
after transplantation. Even in low- 
power view the characteristic tongue 
cuticle discloses the presence of the 
specific epithelium beneath it. Hama- 
toxylin and eosin. X 40. 


Fic. 31.—Section of the graft illustrated by 


fig. 27 stained very lightly with orange- 
G alone. Pigmentation stops dead at 
the tongue-skin junction : even after 141 
days not one tongue cell has acquired 
the faintest pigmentation. X 110. 


Fic. 26 (of. fig. 19).—Black sole-of-foot 


graft 159 days after transplantation to 
white chest skin. The pattern of 
pigment spread is characteristic of 
integumentary skin, and the graft con- 
tinues blacker than its surroundings. 


Fics. 29, 30.—High-power photographs of 


the tongue-skin junctions of the grafts 
illustrated by figs. 27 and 28 respectively : 
note the abrupt transition between the 
two types of epithelium and the cuticles 
they form, and the fact that tongue 
epithelium lacks a stratum granulosum. 
Pigmentation stops abruptly at the 
margin (see fig. 31). Hematoxylin and 
eosin. XII0. 


= 


Fic. 32.—Minute black skin graft in the 


dorsal surface of the tongue, 72 days 
after transplantation. It has neither 
initiated pigmentation nor lost its own. 
There was no perceptible change in its 
appearance 213 days later. 
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that houses it. It fails when confronted with the critical tests 
outlined in section (iv) and may be challenged in its own right on 
two grounds. 

(A) If pigmentary dendritic cells migrate from black epidermis 
into white, what can be supposed to happen to their non-pigmentary 
analogues already in residence? ‘They occupy the exact positions 
into which the melanophores must be supposed to migrate, and are 
present in the same numbers. There is no room for both types to 
co-exist side-by-side ; and the application to black skin of the technique 
that is used to reveal the presence of non-pigmentary dendritic cells 
in white skin shows that the only dendritic cells present are those 
containing pigment granules. 

(B) Pigmentary dendritic cells do not in fact migrate differentially 
(t.e. away from the ordinary epidermal cells) from pigmented adult 
skin in vivo, even when offered the most favourable opportunities 
for doing so. Small grafts of black skin, or of the black epidermis 
split away from it, have repeatedly been tucked into subcutaneous 
pockets ; into the spongy vascular mucosa of the tongue ; and into 
the brain.* In all these situations the skin fragments show intense 
proliferation and cystic growth ; but pigmentary dendritic cells were 
in no case found to have migrated away from the epidermis. But 
when an epidermal sheet moves as a whole (as it does in the 
resurfacing of a raw skin bed) then, of course, its dendritic cells move 
with it. This does not represent differential migration. 

We do not claim that considerations (A) and (B) disqualify the 
melanophore migration hypothesis as decisively as, for example, the 
fact of serial propagation disposes of the hypothesis of diffusion, 
though the existence of non-pigmentary dendritic cells requires some 
explaining away. The evidence of the next section may, however, 
be thought to be decisive. 


(iv) The hypothesis of an infective cellular transformation 

The hypothesis runs as follows. When black skin and white are 
juxtaposed, “ black ”’ dendritic cells establish the same sort of cyto- 
plasmic connection with ‘‘ white” dendritic cells as blacks do with 
other blacks and whites do with other whites. Some cytoplasmic 
ingredient of the black dendritic cell then enters its white neighbour, 
relying on the same process as that which allows formed melanin 
granules to be passed from the branch of a dendritic cell into the 
cytoplasm of the ordinary epidermal cell on which it forms a cap. 
Once blackened, a white dendritic cell remains pigmentary in function 
thereafter, and can in its turn transform any other white dendritic cell 
it makes contact with. The transformation process is therefore 
serially transmissible. 


* By means of a standard tumour-transplantation trochar passed 5 mm. deep through 
a twist-drill hole of 2 mm. bore cut through the centre of the dorsal aspect of the left 
parietal bone. The primary object of our series of brain transplantations was to see whether 
pigmentary dendritic cells could “ infect ” their remote cousins among the neuroglia. 
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According to this hypothesis, the process of pigment spread is 
mediated by dendritic cells, and ordinary epidermal cells participate 
in it only at second hand. It differs in this respect from our original 
hypothesis (Billingham and Medawar, 1947a) which was put forward 
before the non-pigmentary dendritic cell had been discovered. 

The hypothesis evidently has a complete anatomical foundation. 
Dendritic cells are so spaced that they can, and in fact do, make 
contact with each other ; either (rarely, we find) by actual confluence 
of branches, or by the formation of an end-cap from the process of 
one dendritic cell on the cell body of another. Further, dendritic 
cells can evidently establish a peculiar and most intimate type of 
contact with their neighbours, since melanin formed in the branches 
of a pigmentary dendritic cell comes to enter the cytoplasm of the 
ordinary epidermal cells in its domain—itself a process of “ infection ” 
in a literal, but trivial, sense. Moreover, the hypothesis accounts 
immediately for all the phenomena so far described under headings 
(i), (ii), and (iii). 

The statement that white grafts behave in a graft-specific manner 
when artificially caused to blacken (e.g. that what a white claw turns 
into is a black claw) can now be amplified and strengthened. The rate 
and pattern of blackening of a white skin graft is a function of the 
density and distribution of white dendritic cells within it. As has 
already been mentioned, a white graft of body skin, with relatively 
few dendritic cells concentrated at the bases of its broad and shallow 
epidermal ridges, blackens slowly and in the coarse but even reticulate 
pattern that corresponds exactly with the distribution of the ridges. 
The blackening of white ear skin in black body skin is, as the number 
and pattern of white dendritic cells within it would lead one to 
predict, faster and much more finely (though still perceptibly) 
reticulate. Finally, white sole-of-foot epithelium in black body skin 
blackens three or four times as fast as a graft of white body skin, and 
its pattern is a homogeneous deep black, corresponding to the 
microscopically fine grain of its epidermal ridging. Such a blackened 
sole-of-foot graft (plate III, figs. 19, 20, 21) is much blacker than the 
black integumentary skin that transformed it—a fact impossible to 
explain on hypotheses (i) and (ii) and requiring a battery of sub- 
sidiary assumptions before it will submit to interpretation by (iii). 
Conversely, when a black sole-of-foot or vaginal graft initiates 
pigmentation in white body skin (plate 4, fig. 26), the pattern and 
density of pigmentation is in all respects skin-like, and the grafts 
remain characteristically blacker than their surroundings. 

These histological and experimental facts represent our prima facie 
case for the hypothesis that pigment spread is mediated by the trans- 
formation of dendritic cells. If the hypothesis is correct, then an 
epidermal tissue lacking dendritic cells must permanently resist 
infective blackening. Alternatively, if over some stretch of an 
epidermal tissue dendritic cells are absent or are present in numbers 
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insufficient to form a contiguous system, then that stretch must form 
an impenetrable barrier to the spread of infective blackening. 

The tongue epidermis of the guinea-pig, lacking dendritic cells, 
provides a critical test of the former of these predictions. Small pinch 
grafts may be cut without difficulty from the dorsal or dorso-lateral 
aspects of the tongue and transplanted without special precautions 
to black skin on the chest. The fate of such grafts is easy to follow, 
for tongue epithelium is one of the distinct true-breeding members 
of the epidermal family and so conserves its graft-specific characters 
(e.g. thickness and packing of cuticle ; absence of stratum granulosum) 
indefinitely on transplantation to anatomically unnatural positions 
(plate IV, figs. 27-30). Not one tongue-in-black skin graft of a series 
of which the longest was maintained to 183 days showed the faintest 
shadow of pigmentation either to the naked eye or in serial transverse 
section. An unstained section of the tongue-skin junction shows that 
pigmented body epidermis and non-pigmented tongue epidermis can 
be distinguished to a cellular interface (plate IV, fig. 31). The 
prediction is thus fully borne out. In the converse experiment, small 
black-skin grafts have been tucked under very shallow flaps in the tongue 
and have duly broken their way to the: surface (plate IV, fig. 32). 
After even so long as 285 days there was no trace of pigment spread. 

This converse experiment shows that tongue fails to pigment 
because dendritic cells are absent, not because of the existence of a 
hypothetical inhibitor of pigmentation. Any such inhibitor should 
at least perceptibly depress the pigmentation of a minute black skin 
graft in the tongue. In fact, it did not do so. 

Ordinary integumentary skin provides a ready-made example of 
an epidermal tissue in which the contiguous system of dendritic cells 
is interrupted over a definite stretch ; for it has already been stated 
that dendritic cells, though present in the hair bulb and in the 
superficial epidermis, are absent from that region of the neck of the 
mature follicle into which the sebaceous glands open. The follicle 
neck is, of course, confluent with the superficial epidermis above it 
and with the hair bulb sheath below. Hypothesis (iv) therefore 
predicts that infection can only spread in the superficial epidermis ; 
it cannot pass down the hair follicle to the root for lack of dendritic 
cells to mediate its passage. This prediction corresponds exactly 
with observed fact: the hairs of artificially blackened white skin 
remain white (plate II, figs. 15-19; plate 4, fig. 26). The small 
percentage of black hairs that develop in infected white skin after 
repeated activation by trauma or serial grafting may well represent hairs 
formed by follicles budded off from pigmented superficial epidermis 
rather than from the shafts of previously existing effete follicles. 

The existence of a complete anatomical background for the cellular 
transformation hypothesis, one’s ability to draw every experimental 
fact as inferences from it, and its successful emergence from two 
critical tests, make a strong case for its validity. 
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5. THE NATURE OF THE CELLULAR TRANSFORMATION 


As a background to a discussion of the nature of the transformation 
process, we wish to emphasise that the case we have been studying 
is quite exceptional in nature. It happens that there exists in one 
and the same individual a race of cells—the dendritic cells, comprising 
what may be called the “ epidermal glial system ’—subdivided into 
two distinct true-breeding families by a slight, though phenotypically 
obvious, inherited character difference. It is in effect a single specific 
difference, ‘‘ blackness ” as opposed to ‘‘ whiteness,” of the presence- 
or-absence type; 1.¢. it seems to satisfy the equation “ pigmentary 
dendritic cell = non-pigmentary dendritic cell + pigment-forming 
system.” Furthermore, dendritic cells are of a peculiar histological 
type: they establish very intimate cytoplasmic connections with 
each other as well as with the ordinary epidermal cells on which the 
majority of their branches end. It appears, then, that the epidermis 
and its glial system is the only tissue complex that immediately and 
obviously satisfies the anatomical prerequisites for the occurrence of a 
cellular transformation of the “ virus” type ; and furthermore that 
the genetical prerequisites are satisfied by the skin of spotted black- 
and-white guinea-pigs. alone of all common experimental animals. 

We may adopt, as a simplifying assumption, the hypothesis that 
pigmentary and non-pigmentary dendritic cells differ only in that the 
former possess a melanogenic enzyme system which the latter lack. 
The presence of this system is crudely but (when confined to epidermal 
tissue) specifically indicated by the dopa-reaction, which is positive 
in pigmentary dendritic cells alone. The simplest hypothesis that 
accounts for our experimental observations is that a melanogenic 
enzyme system capable of reproducing itself in the cytoplasm of 
black dendritic cells enters a neighbouring white dendritic cell in 
much the same way as its metabolic product, melanin, is caused to 
enter the ordinary epidermal cells of its own domain. Once installed 
in the white dendritic cell, it converts it (and its lineal descendants) 
to the black variant type, which can then in turn propagate the 
colour transformation to its white neighbours. 

This hypothesis is a rough and ready first approximation, and it 
will be superseded in due course ; but the only ground for replacing 
it (save perhaps by the substitution of “ self-reproducing enzyme 
precursor associated with nucleoprotein” for “ self-reproducing 
enzyme”; cf. Spiegelman and Kamen, 1946) will be the discovery 
of empirical facts that lie outside its competence to explain. The 
position of a theory of this type in the field of cellular transformations 
in general, and its relevance to such problems as, for example, that 
of the origin of viruses, has been fully discussed by Darlington (1944), 
Haddow (1944), and Medawar (1947). 

The writers hope to develop their experiments along two lines : 
(a) in an attempt, with which some technical progress has already 
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been made, to bring about the transformation of white dendritic 
cells by cell-free extracts of black dendritic cells; and (4) in an 
attempt to cause black dendritic cells to undergo “ mutation ” to the 
non-pigmentary variant. This second development is of some 
theoretical importance, because the validity of regarding white 
dendritic cells as cellular genetic mutants of a pigmentary archetype 
turns upon it; but, requiring as it does the simultaneous mutation 
of large numbers of individual cells, it may prove to be technically 
impossible. 

Two further points remain to be discussed. The failure of black 
skin homografts to initiate pigment spread in white skin is hardly 
reconcilable with the hypothesis that pigment spread involves a serial 
transformation of the inductive type (Billingham and Medawar, 19472 ; 
Medawar, 1947). But it is not necessarily or obviously at odds with 
a theory of infective propagation ; ‘for students of transplantation 
immunity have been quite independently working towards the view 
(a) that resistance to homografts is anti-proliferative in character 
(Medawar, 1945, 1946 ; Kidd, 1946 a and J) ; (b) that such resistance is 
primarily directed against sedimentable constituents of the cytoplasm, 
associated with nucleoprotein (cf. Claude, 1943) and of the order of 
size to which our hypothetical infective particle must belong (Kidd, 
19462) ; and (c) that such sedimentable ingredients of the cell are 
the particular vehicles of iso-antigenic specificity (Furth and Kabat, 
1941 ; Kidd and Friedewald, 1942 a and 5; Friedewald and Kidd, 
1945 ; Kidd, 19462). 

A second problem is that of the nature of the bleaching process 
which black skin grafts undergo in the phase of maximal cellular 
proliferation (see above). Similar bleaching has been sometimes 
observed in the healing of the donor areas of black grafts; the 
thickened spreading epithelium becomes white or smoky pink during 
the period of rapid cell division and then darkens rapidly and 
simultaneously over its whole surface. Examination of split graft skin 
shows that this is not due to the failure of melanophore division to 
keep pace with the division of epidermal cells; it may, however, 
represent a genuine “ growth rate dilution” process (see Medawar, 
1947) of the type first fully investigated by Preer in Paramecium (1946). 
It may be added that the infective transformation of, ¢.g. non-killer 
into killer variants of P. aurelia (Sonneborn, 1943 @ and b) formally 
resembles the transformation process we have been studying, save that 
it acts as an instrument of cytoplasmic heredity rather than of cellular 
differentiation (cf. Darlington, 1944). 


6. SUMMARY 


The paper reports a full investigation of the phenomenon of 
“pigment spread” in the skin of spotted black-and-white guinea- 
pigs. Four hypotheses are discussed, and three (of cellular invasion 
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and replacement, simple diffusion, and melanophore migration 
respectively) are dismissed. The observational and experimental data 
are adequately explained by a fourth hypothesis, that pigment spread 
represents the outcome of a serially transmissible or infective trans- 
formation of the non-pigmentary dendritic cells of white epidermis 
into the pigmentary dendritic cells characteristic of black skin. This 
hypothesis leads to predictions which have been tested and confirmed. 
As a first approximation the infective particle is suggested to be a 
self-reproducing cytoplasmic enzyme or enzyme-precursor. 


The special expenses involved in this research were defrayed by a grant from the 
Department of Plastic Surgery, Oxford University. The cost of the experimental 
animals was met by a grant from the Medical Research Council. 
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IN a strain of Poa alpina the chromosome conditions were found to be 
remarkable, a higher number of chromosomes being present at meiosis 
in the p.m.c. than in the root tips (Miintzing, 19462). 

Root tips were fixed from seedlings grown in small pots. Counts 
from this material showed that most of the plants had an = 14, the 
remaining plants being triploid or approximately triploid. Pre- 
liminary studies of meiosis in 5 plants, found to have 2n = 14 in the 
root tips, revealed the presence of more than 14 chromosomes in the 
p.-m.c. of all these plants. In the best slide the p.m.c. had 19 
chromosomes, the most frequent first metaphase associations of these 
chromosomes being 9);+1,; and 8;;+3;. 

These preliminary observations have now been extended. Alto- 
gether somatic counts have been made in about 300 plants, representing 
three generations. Meiotic data are available from a total of 35 
individuals. ' 

Root tips were fixed in chrome-acetic-formalin after treatment 
with low temperature (about 0° C.) the night before fixation. For 
meiosis fixation with chrome-acetic-formalin following pre-treatment 
with acetic alcohol gave very poor results, whereas Benda proved to be 
more satisfactory. Root tips as well as spikelets were sectioned and 
stained with crystal violet. Pollen mitosis may be studied with some 
difficulty, but so far only aceto-carmine gave satisfactory results. 
Attempts to stain with Feulgen were not successful. 


1. MEIOSIS IN THE POLLEN MOTHER CELLS 


The main result of these studies is the observation that accessory 
chromosomes (“‘ B chromosomes ’”’) are present in every one of the 
35 individuals examined. These bodies are smaller than the ordinary 
chromosomes (‘‘ A chromosomes”) and, thus, represent a distinct 
category. In the material so far studied the number of B’s was found 
to range from 2 to 8. 

As a rule the number of B’s can be accurately counted only at 
I-A. Figs. 1-7 represent some clear cases of this kind, the number 
of B’s being 2, 4, 5, 6 and 8 respectively. In all these cases the smaller 
B’s may be distinguished at first sight from the ordinary chromosomes, 
which show a regular disjunction in two groups of seven. 
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The B chromosomes are also more spherical and do not show any 
sign of being composed by two chromatids. In the ordinary chromo- 
somes, on the contrary, the normal chromatid split is frequently visible. 
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Fic. 1: two B. Fic. 2: four B. Fic. 3: five B. 
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Fic. 4: six B. Fic. 5: six B. Fic. 6: eight B. Fic. 7: eight B. 


Fics. 1-7.—First anaphase distributions from various plants, representing different numbers 
of B chromosomes in addition to the 14 A chromosomes. Fig. 1 : two B chromosomes, 
one in each plate; fig. 2, four B chromosomes, two in each plate; fig. 3, five B 
chromosomes, the cell representing the distribution 7A+2B—3B+7A; figs. 4-5, 
six B chromosomes, in fig. 4 distributed as 3-3, in fig. 5 as 2-43 figs. 6-7, eight 
B chromosomes, in fig. 6 distributed as 4-4, in fig. 7 as 3-5. 


In the following table the data on the number of accessory 
chromosomes are summarised. 





Number of chromosomes 














14+2| 14+3)| 14+4| 14+5| 14+6/14+7/14+8| 2 
Accurate counts ; ‘ 2 I 5 2 4 ise 2 16 
Approximate counts . . I I 6 2 5 I 2 18 
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In 16 cases the counts were accurate, in 18 cases they were not 
quite reliable. These approximate counts, however, show a quite 
similar distribution to the accurate ones and probably reflect the true 
situation. The 34 values given in the table represent 26 different 
individuals, more than one chromosome number being observed in 
six plants. In seven other plants fixation was bad, but it was clearly 
observed that accessory chromosomes were present. Two plants, 
finally, were approximately triploid as regards the normal chromo- 
somes and were also found to have accessory chromosomes in the 

.m.c. 

In the table there is an obvious preponderance of even numbers 
of B chromosomes. In the series representing the accurate counts 
there are 13 even and 3 odd values, the corresponding ratio in the 
+ series being 14:4. According to a x? test the probability that 
13 : 3 represents a I : 1 ratio is intermediate between 0-02 and 0-o1. 
The corresponding P of the ratio 14:4 has the same value. The 
ratio for the total series will be 27 : 7, giving a x? of 11-76 and a P 
smaller than 0-001. Thus, there can be no doubt that in this material 
even numbers of accessory chromosomes are more frequent than odd 
numbers. 

Chromosome pairing was studied at diakinesis and first metaphase. 
The B’s were never observed to pair with the normal chromosomes, 
and when more than two B’s are present no larger associations than 
bivalents seem to occur. In the preliminary paper (loc. cit.) trivalents 
were reported to be present in some cells. This statement was based 
on observations of I-M plates in polar view, such as figs. 8-9. These 
figures are from a plant (I. 20) with 5 B’s (the same as is represented 
by fig. 3). In figs. 8 and 9g the configurations seem to be Iy.7+8y 
and Iy7+7y+2; However, a detailed study of I-M groups in side 
view had convinced me that trivalents seldom or never occur in this 
material. Hence the apparent trivalents in these cells probably 
represent a bivalent and a univalent lying close together. 

Figs. 10 and 11 represent I-M groups in side view from the same 
fixation. In both cells the configuration is 8,+3,;. In Fig. 10 the 
B’s are present as 2;;+1,, in fig. 11 as 1,47+3,;. Thus, in fig. 10 two 
of the univalents are A univalents, whereas in fig. 11 all the univalents 
are probably B univalents. 

In fig. 12 the pairing conditions are specially simple, 8 bivalents 
being present. One of these bivalents is smaller than the other ones 
and certainly represents the two extra B chromosomes of this plant. 
The I-A group in fig. 1 is from the same plant. 

Figs. 13 and 14 show I-M groups from a plant (216-1) with 6 
B’s. In fig. 14 with 10); all the chromosomes are members of bivalents. 
The second and third from the left are certainly formed by B’s. The 
identity of the third B bivalent is less certain. In fig. 13 the con- 
figuration is 7,,+6, Judging from the size differences the A 
chromosomes are present as 6;;+2;, the B chromosomes as 14;+4,. 








52 ARNE MUNTZING 


At diakinesis of the same plant 10 bivalents were present in several 
cells. In fig. 15 all bivalents are ring-shaped. The small B 
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Fics, 8-11.—First metaphase in plant I. 20 (five B chromosomes). Figs. 8-9, polar view, 
apparently t1m+8n and 11+ 71+2: respectively, but the true configurations probably 
On+t; and 8n+-31; figs. 10-11, side view (separately drawn) ; fig. 10, 6An-+2Bu+2Ar 
+1B,; fig. 11, 7An+1Bn+ 3B; Fic. 12.—First metaphase (polar view) in plant 
221-2, 7An+1By. Fics. 13-14.—First metaphase in plant 216-1 (side view, separately 
drawn) ; fig. 13, 6An+1Bu+2A1+4B; ; fig. 14, 7An+3Bu. 


chromosomes are thus also able to form bivalents with two chiasmata. 
In fig. 16, however, the three rod-shaped bodies, lying in rather 
close contact, probably represent B bivalents, the members of which 
are associated by one terminal chiasma. 

The proximity of the B bivalents in this case is probably significant 
and there is a good deal of other evidence that B bivalents have a 
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tendency to.stick together. This is evident from figs. 17 and 18, 
representing diakinesis in another plant (I. 19). In fig. 17 there 
are 7 normal bivalents and a peculiar structure similar to a quadri- 
valent. From other cells of the same slide it is clear, however, that 
the apparent: quadrivalent and similar structures in other cells 
(cf. fig. 18) represent two B bivalents which are loosely attached to 
each other, owing to a certain degree of stickiness of the B’s. In 
this particular slide the colour of the B’s at diakinesis appeared to 
be different from that of the A’s, thus facilitating the identification 
of the B bivalents. This difference in shade, however, was very 
small and was not observed in slides from other plants, representing 


the same stage. 
Fic. 18. Og 





Fic. 17. 


Fics, 15-16,—Diakinesis in plant 216-1, 10 bivalents. Fics. 17-18.—Diakinesis in plant I. 
19; fig. 17, 7Au-+2Bu, the latter sticking together ; fig. 18, two B bivalents sticking 
together. 


The tendency of B bivalents to lie together is rather marked at 
first metaphase, thus hindering the analysis of I-M plates in side 
views. When two such small bivalents are in intimate contact it is 
often difficult to decide if such a structure represents two or four 
chromosomes. The secondary association of B bivalents at diakinesis 
and I-M may also be traced at first anaphase. In I-A groups con- 
taining more than one B, the B’s are frequently in a more or less 
close proximity to each other (cf. figs. 2-7). 

The study of diakinesis revealed that the B’s are not satellite 
chromosomes and are not associated with the nucleolus (¢f. fig. 17). 
In figs. 15 and 16 the nucleolus had not taken the stain enough to be 
discernible, but in several other cases, besides that represented by 
fig. 17, it was clear that the B’s were not involved in the formation of 
the nucleolus. 

D2 
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At I-A the B chromosomes pass to the poles without .division, not 
only if they have been members of bivalents but also if they have 
been unpaired. Though unpaired B’s are frequent at I-M in some 
plants they were never seen to divide at first anaphase. This is in a 
marked contrast to the A chromosomes, which in triploids or aneu- 
ploids of the same strain usually divide at I-A. The undivided B’s 
are in most cases included in the interphase nuclei and, thus, micro- 
nuclei at this stage are rather rare. In plants I. 14 and 223-3, counts 
of univalents at I-M, and of micronuclei at interphase, were under- 
taken ; the following distributions were obtained :— 


Number of univalents or micronuclei . @ "S Seti imee Ss 
™ » cellsinI.14; metaphaseeI . 57 28 14 4 3. 106 
. as gh lay a interphase . G6 4 100 
se > 99 99 223-3, metaphase I . - oe es 40 
™ » 99-93: 223-3, interphase . ae Fs 63 


In I. 14 the number of B’s is 6 and in 223-3 it is 8. Though the 
numbers in both cases are even, a good deal of non-pairing evidently 
occurs. In a few cases A chromosomes may be involved, but most of 
the unpaired chromosomes are certainly B’s. According to the 
values given above, about half of the cells contained a variable 
number of univalents at I-M but only a few per cent. of the cells at 
interphase contained micronuclei. This is true of both the plants 
examined and other less detailed data indicate that this is the general 
type of behaviour of the B’s in this strain. 

The occurrence of B univalents at I-M accounts for the uneven 
distribution of B’s at I-A observed in several cases. Thus in fig. 5 
the distribution is 4-2 instead of the normal 3-3 (fig. 4), and in figs. 6 
and 7 two I-A distributions from the same slide are 4-4 and 5-3. 

No detailed data from the second division and the tetrads are as 
yet available, but the preliminary observations made indicate that 
these stages are rather regular. 

A few observations from the pollen mitosis may also be mentioned. 
Figs. 19 and 20 show a metaphase and a commencing anaphase of the 
first pollen mitosis. These pictures are from plant I. 19, having at 
least four B’s. Though the pictures were drawn before meiosis had 
been studied and the size difference between the A and B chromosomes 
had been realised, the two categories of chromosomes may be rather 
well distinguished. Thus in fig. 19 the three B’s are situated near the 
satellite chromosome, and in fig. 20 the B’s are probably represented 
by the second, fourth and seventh pair from the right. In these pairs 
the chromatids seem to have separated somewhat earlier than in most 
of the other chromosomes. Thus division of the B’s is not delayed and 
there is no indication of non-disjunction. Anaphases of the first 
pollen mitosis have also been observed in some other plants of this 
strain, carrying B’s. These anaphases were always found to be 
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regular. Thus in this material the first pollen mitosis shows no 
special complications. 

The number of accessory chromosomes is fairly constant in the 
p-m.c. of each individual. Evidence has also been obtained, however, 
that this number may vary. The following cases may be mentioned :— 

Plant I. 20. Two fixations were made, one in 1944, one in 1945. 
As already mentioned (loc. cit.) the first fixation contained p.m.c. 
with 5 B’s (cf. fig. 3), whereas in the other fixation there was one B 
less. This difference is quite certain and based on a number of good 
first anaphases of both fixations. 

Plant I. 19. One fixation from 1944 showed 4 B’s at diakinesis 
(fig. 17). In another fixation made in 1945 good I-M’s and I-A’s 
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Fics, 19-20.—First pollen mitosis in plant I. 19; fig. 19, metaphase 7A+3B; fig. 12, 
commencing anaphase, 10 chromosomes dividing. 


Fic. 21.—First anaphase in plant S. 023 (18A+4B), showing the distribution 
11A+2B—7A+2B. 


were studied, the total chromosome number ranging from 18 to 20. 
Two quite clear I-A groups in the same section differed in chromosome 
number, one showing the distribution 9-9, the other one 9-10. Thus 
the number of B’s in this plant probably ranged from 4 to 6. 

Plant 208-6. In one fixation from 1946 there were clearly 14+6 
chromosomes in several cells at diakinesis and I-A. In another 
panicle fixed the same day good I-A’s revealed the presence of 8 B’s. 

Plant 215-1. In this plant the data are less complete, but in one 
fixation I-M’s in side view showed 8,, ; in another fixation from the 
same day, cells at diakinesis and I-M (polar view) also showed 8), 
the smaller B bivalent being clearly seen at I-M. Another good 
I-M plate in polar view had 7 normal bivalents+2 small B bivalents. 

From the data given above it is evident that the number of 
B chromosomes in the p.m.c. may vary within the individual, not 
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only in different years and in different panicles but also within the 
same anther loculus. In order to study this phenomenon more 
closely, clones have been made of several individuals. Meiotic studies 
of the different clone plants will show the extent of the intra-individual 
variation. 


2. THE SOMATIC CHROMOSOMES 


A typical somatic plate from a root tip is represented by fig. 22. 
All the 14 chromosomes have median or sub-median constrictions. 
One chromosome pair (probably the SAT chromosome) differs from 
the others by having a sub-median achromatic region. In fig. 22 
this region is rather short ; in fig. 23 it seems to be much longer, 
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Fics. 22-25.—Somatic plates from root tips. Figs. 22-23, 2n = 14. In fig. 23 the achro- 
matic region in one pair is more marked than in fig. 22. Fig. 24, one B chromosome in 
addition to the 14 A chromosomes ; fig. 25, 3B+13A or, possibly, 2B-+14A. 


the two arms of the chromosomes in question lying rather far apart 
and apparently being connected by a thin thread. In this plate it is 
also obvious that the shorter arm of this chromosome is hetero- 
chromatic, being somewhat broader and more deeply stained than 
the longer arm. In extreme cases the two arms may be so far apart 
that they appear to be quite separate. 

Fig. 24 is an exceptional root tip plate, showing one B chromosome 
in addition to the 14 A’s. Fig. 25 is still more deviating, the chromo- 
some complement apparently consisting of 3 B’s+13 A’s. The absence 
of one A is remarkable, but it is not quite excluded that one of the 
apparent B’s is really an A which is more contracted than usual. 
In both plates the B’s differ from the A’s by their smaller size. No 
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difference in stain intensity between A’s and B’s could be seen in this 
and other similar cells. The B’s evidently have median centromeres 
as was also indicated by the pollen mitosis (figs. 19 and 20). 

The plates represented by figs. 24 and 25 are from plant 208-6, 
which at meiosis was found to have 6 or 8 B’s. Apart from figs. 24 
and 25, fifteen other plates of the same slide were studied. These 
plates together, from three different root tips, showed the following 
variation in chromosome number :— 
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Thus twelve of the seventeen plates had no B’s, in five plates there 
were I, 2 or possibly 3 B’s and, of these five deviating plates, four were 
found in Root No. 3. Elimination of the B’s is thus almost complete 
but especially in one of the roots a few B’s are still present. 

Among the other 34 individuals, in which meiosis was studied, 
somatic counts in root tips were made in 30. As usual the root tips 
were gathered from young seedlings, growing in small pots. In 27 
of these plants only 14 chromosomes were observed, in one plant two 
additional small chromosomes were present in one plate (this plant 
had + 6 B’s at meiosis). One plant was a true triploid with about 
21 chromosomes in the root tips. And one plant finally appeared to 
be exceptional by having 17 or 18 chromosomes. Meiotic studies in 
this plant revealed, however, that it was a true aneuploid, having 
18 A’s and 4 B’s. This is evident from fig. 21, showing the I-A 
distribution of 11 A+2 B from 7 A+2 B. 

The root tip counts in these 30 plants were less detailed than in 
plant 208-6, and it is probable that a more extensive work would 
have revealed occasional plates with one or a few B chromosomes. 
Nevertheless, it is obvious that 14 is the characteristic and quite 
predominating chromosome number, showing that as a rule the B 
chromosomes are entirely eliminated from these parts of the plant. 

This conclusion is based not only on somatic counts in individuals 
also studied with regard to meiosis, but rests on a much larger material. 
Altogether somatic counts have so far been made in about 300 
individuals of this strain, and with a small number of exceptions 
these individuals had only 14 chromosomes in the root tips. Judging 
from the meiotic results, accessory chromosomes must occur at 
meiosis in most or all of these plants, though they are absent in the 
root tips. 

The exact time and place of elimination of the B chromosomes in 
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this material is not yet known. My colleague, Dr A. Hakansson 
tells me, however, that he observed the B’s in the embryos. He also 
found many in the main root fixed from germinating seeds. Thus, 
according to these preliminary data, elimination of the B’s occurs 
at a relatively late stage This is in accordance with the fact reported 
above, that occasionally one or a few B chromosomes may still occur 
in the root tips of young seedling plants growing in pots. 


3. DISCUSSION 


Accessory chromosomes have already been reported in many 
species of plants and animals and the list of such cases is steadily 
increasing. References to the literature in question may be found 
in the recent papers by Hakansson (1945), Miintzing (1946), Ostergren 
(1947) and, as regards animal species, in the textbook of White (1945). 

Accessory chromosomes certainly represent a heterogeneous 
assemblage. Nevertheless the cases best studied have several features 
in common, thus allowing a characterisation of these peculiar 
chromosomes. As a rule the B chromosomes are smaller than thie 
A chromosomes, they are often heterochromatic and show no 
homology to the A’s, they have slightly deleterious genetical effects 
but are much less active than the A’s. A very striking peculiarity 
is their numerical increase by non-disjunction at the pollen mitosis 
and, in rye, at the corresponding stage on the female side. In rye 
and probably also in Anthoxanthum the accumulation by means of 
non-disjunction is counterbalanced by the deleterious effects of the 
B’s on fertility and vigour, only a small fraction of plants in the 
population carrying them. 

The B chromosomes in the present material of Poa alpina are typical 
in some respects but deviate in others. The most striking feature is 
the regular occurrence of B’s in varying numbers in the p.m.c. and 
their absence in the root tips. Thus they are very well preserved in 
the “ germ line” but eliminated from other parts of the plants. The 
only case of this kind previously observed in a plant species is that 
described by Janaki-Ammal (1940) and Darlington and Thomas 
(1941) in Sorghum purpureo-sericeum. Among 100 plants of this species 
Janaki-Ammal found 40 to have from 1 to 6 extra chromosomes. 
These chromosomes were never found in the roots but were confined 
to the shoot system. Thus B’s in this material are frequent, but plants 
without them were in a majority. 

In my Poa material all 35 plants examined were found to have 
B’s. Since they occur in every plant they might be regarded as 
normal members of the chromosome complement. This is excluded 
because their number is variable and so far ranging from 2 to 8, the 
most frequent numbers being 4 and 6. Moreover, their genetical 
effects must be none or very slight, the plants with many B’s apparently 
not differing in vigour and fertility from those having few B’s. This, 
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however, must bé studied in more detail later on, especially if it is 
possible by selection to obtain plants free from B’s. At any rate, 
plants with 6 or 8 of them have normal vigour and a good pollen 
fertility. 

A very interesting fact is the predominance of even numbers of 
B’s in the p.m.c., plants or cells with odd numbers being significantly 
less frequent. The mechanism responsible for the preponderance of 
even numbers is not known. As a working hypothesis it may be 
suggested that the cause is somatic non-disjunction, usually involving 
all of them simultaneously and not only single B’s. Doubling will 
then always give an even number. 

Such somatic non-disjunction might also account for the absence 
of the B’s in the roots. In rye there is a directed non-disjunction in the 
p-m.c. and embryo-sacs (Miintzing, 1945, 1946b) and similar 
phenomena have also been observed in other plant species with 
B’s. If, in the present material, the postulated somatic non-disjunction 
leads to the B chromatids preferably passing to the “ germ line” 
pole, the cells giving rise to the roots will be free from B’s. At the 
same time this non-disjunction would lead to somatic accumulation, 
increasing the number of B’s in the p.m.c. and probably also in the 
embryo-sacs (cf. Ostergren, 1947, p. 290). 

In rye and some other plants with B’s this non-disjunction is 
accomplished at the first or second pollen mitosis and in rye also at a 
corresponding stage on the female side. The first pollen mitosis in 
the present material of Poa alpina clearly shows that there is no non- 
disjunction of the B’s at this stage. The high frequency of B’s in this 
strain, however, indicates that some other mechanism of reduplication 
is at work. Judging from the data so far available it is probable 
that this reduplication is premeiotic rather than postmeiotic. Somatic 
irregularities are indeed shown by the cases reported above, in which 
different parts of the same individual differed in the number of B’s. 

By subjecting roots of Secale to a temperature of 0° C. for 13 days, 
somatic non-disjunction of B’s could be induced (¢f. Darlington, 
1947). It will be interesting to examine whether the B elimination 
in Poa alpina may also be influenced by changes in temperature. 

The meiotic elimination of the B’s in Poa is very slight owing to 
their non-division at I-A. In this respect they are similar to the 
B’s in Anthoxanthum (Ostergren, 1947) and clearly differ from the 
A’s, which usually divide at I-A if they have been unpaired. This 
differential behaviour was best seen in a hybrid between the sexual 
diploid strain and a Scandinavian apomict which will be described 
later. 

In the present material the degree of non-conjunction of the B’s 
was found to differ considerably from plant to plant. Usually, 
however, these chromosomes are represented by bivalents at diakinesis 
and I-M. They were never seen to pair with the A’s and in this 
respect they behave as typical B’s. A peculiar feature is their 
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apparent inability to form larger associations than bivalents. Chiasma 
counts could not be made, but at diakinesis the B bivalents were often 
ring-shaped, and thus, from a mechanical point of view, B multivalents 
ought to be formed. The frequent secondary association of two or 
more B bivalents at diakinesis and I-M and the resulting proximity 
of the B’s at I-A is at least secondarily favoured by the obvious 
stickiness of the B’s. This is in good accordance with the findings of 
Thomas and Revell (1946) in Cicer arietinum. In this species there 
were pachytene fusions between highly charged heterochromatic 
regions from different bivalents and this pairing was thought to be 
responsible for the secondary association at metaphase. 

The B’s in Poa are probably also heterochromatic to some extent. 
The stickiness is one symptom and the rounded shape and smooth 
outline at I-M and I-A another. In one slide, containing cells at 
diakinesis, the B bivalents showed a very slight but noticeable 
difference in staining reaction in comparison with the A chromosomes. 

Among the A’s one pair with a long achromatic region was found 
to be heterochromatic in the short arm, this arm being thicker and 
more intensively stained in root tip metaphases than the other arm 
and the other chromosomes. The B’s might have arisen from this 
heterochromatic chromosome arm, especially since the connection 
between this arm and the rest of the chromosome appears to be rather 
weak. This view, however, is contradicted by the fact that the B’s 
have median centromeres and do not pair with this chromosome arm 
at meiosis. Thus the origin as well as the function of the accessory 
chromosomes in Poa alpina is still obscure. 


4. SUMMARY 


(1) Meiosis was studied in 35 individuals of a diploid sexual strain 
of Poa alpina. In all of these plants accessory or B chromosomes were 
present in the p.m.c. These bodies are smaller than the 14 ordinary 
chromosomes and represent a distinct category, showing no homology 
to the A chromosomes. In the material so far studied the number of 
B chromosomes ranged from 2 to 8. 

(2) When more than two B’s were present at diakinesis and first 
metaphase no larger associations than bivalents were observed. 
Different B bivalents have a tendency to stick together, and the B 
chromosomes also show other symptoms of being heterochromatic. 

(3) In contrast to A univalents, unpaired B’s do not divide at first 
anaphase and are seldom eliminated. The first pollen mitosis is 
regular, the B’s showing no tendency to non-disjunction. 

(4) In the p.m.c. the number of accessory chromosomes is fairly 
constant, but this number may sometimes vary within the individual, 
not only in different years and in different panicles but also within 
the same anther loculus. 

(5) As a rule the B chromosomes are entirely eliminated from 
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the root tips of seedlings and older plants, only the 14 A’s being 
present. In exceptional cases one or a few B’s may be present. They 
are smaller than the A’s and have a median centromere. 

(6) In the p.m.c. even numbers of B’s are more frequent than odd 
numbers. Tentatively this fact is explained by the assumption of 
somatic non-disjunction usually involving all the B’s simultaneously. 
If the B-chromatids preferably pass to the “ germ line” pole, the 
cells giving rise to the roots will be free from B chromosomes. At 
the same time this non-disjunction would represent a somatic 
accumulation mechanism, tending to increase the number of B 
chromosomes in the p.m.c. and embryo-sacs. 
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INTRODUCTION 


RELATIVE frequencies of the different gene arrangements in Drosophila 
pseudoobscura vary in different geographic regions, often forming more 
or less regular geographic clines (Dobzhansky and Epling, 1944). In 
some localities, such as Pifion Flats and Andreas Canyon on Mount 
San Jacinto in California, the frequencies of certain gene arrangements 
in the third chromosome vary from season to season. Thus the 
Standard (ST) gene arrangement is most frequent during autumn 
and winter, decreases in frequency during spring, and increases 
during the hot part of the summer. The Chiricahua gene arrangement 
(CH) shows a cycle opposite to Standard, while Arrowhead (AR) 
is relatively constant in frequency (Dobzhansky, 1943). 

These facts suggest that the carriers of the different gene arrange- 
ments possess different adaptive values in different environments. 
This inference has been confirmed in experiments in which artificial 
populations containing these gene arrangements were kept in 
population cages. At temperatures above 21° C., populations which 
are mixtures of Standard and Chiricahua chromosomes reach 
equilibria at frequencies of about 70 per cent. ST and 30 per cent. 
CH, regardless of what the frequencies in the original mixture might 
have been. At low temperatures (close to 16°) the relative frequencies 
of the gene arrangements present in the initial population are preserved 
more or less indefinitely. Wright and Dobzhansky (1946) and 
Dobzhansky (1947) have interpreted these results to mean that the 
ST/CH heterozygotes possess the highest adaptive value, while 
ST/ST homozygotes are less, and CH/CH least well adapted. 
Essentially similar phenomena are observed if the Arrowhead gene 
arrangement is used in competition with either Standard or 
Chiricahua. 

The above experiments demonstrate the action of natural selection 
on the carriers of the different gene arrangements, but they do not 
permit to define either the stage of the life cycle or the precise 


* Fellow of the Belgian-American Educational Foundation. 
63 








64 M. J. HEUTS 


mechanisms of the action of the selective process. To be sure, 
Dobzhansky (1947) has recently shown that the Hardy-Weinberg 
equilibrium of the structural homo- and heterozygotes is approximately 
realised among the eggs deposited in the population cages, while 
among the adults developed from these eggs a very significant excess 
of heterozygotes is found. This indicates a differential mortality of 
homozygotes at some time between the egg and the adult stage. 
The purpose of the experiments described in the present article has 
been, then, to find which physiological characteristics of the carriers 
of the different gene arrangements influence differentially the adaptive 
values of the latter, and thus to delimit the ecological niches to which 
these gene arrangements are adapted. 


MATERIAL AND TECHNIQUE 


All flies used in the present experiments were descendants of 
impregnated females collected at Pifion Flats, Mount San Jacinto, 
in the spring of 1946. The main attention has been concentrated on 
studies of physiological properties of flies homozygotes for Standard, 
Arrowhead, or Chiricahua gene arrangements, although in some 
experiments heterozygotes have also been examined. Since extreme 
environmental conditions may frequently be the limiting factors in 
the life of natural populations, the performance of the flies was studied 
at very low and very high temperatures and humidities. Because of 
the technical difficulties, the first experiments here reported are 
concerned with physiological properties of adult flies and of pupa, 
while those of larve and of eggs will be studied later. Thus we have 
examined the hatching percentages of the pupz, and the longevity 
of the adults at different temperatures and humidities. Reasonably 
constant humidity conditions have been obtained in desiccators with 
distilled water (100 per cent. humidity), with CaCl, (o per cent.), 
or with oversaturated solutions of K,SO,, NaCl, and NaBr for the 
relative humidities of 92, 76 and 56 per cent. respectively (after 
Ludwig and Landsman, 1937). 

The purpose of the experiments to be described has been to study 
the properties of the carriers of ST, CH, and AR chromosomes as 
classes recognised by their inversions and without regard to their 
allele-content. This distinction is important, because the chromo- 
somes of wild flies very often carry recessive viability and other 
modifiers, and consequently the properties of their carriers vary a 
great deal from chromosome to chromosome. The experimental flies 
or pup were, accordingly, obtained by intercrossing at least ten 
different strains with the same gene arrangement, except when 
otherwise specified. In such a way, the structural homozygotes or 
heterozygotes obtained were always genic heterozygotes. A more 
detailed explanation of the relevant facts has been given by Wright 
and Dobzhansky (1946). 
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INFLUENCE OF HUMIDITY ON THE VIABILITY OF THE PUPA 


One of the environmental factors which is doubtless important in 
the life of D. pseudoobscura, and which has not been at all adequately 
studied, is the humidity of the air. Ellwyn (1917) found that the 
relative humidity affects the survival of D. melanogaster pupe, while 
Geisler (1942) showed that pupe of the wild type and of certain 
mutants of the same species react differently to low humidities. 

Pupz homozygous for the ST, CH, or AR gene arrangements were 
placed in vials in desiccators kept at different relative humidities. 
Two series of experiments of this type were performed, and their 
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Fic. 1.—Influence of the relative humidity of the air on the hatching frequencies of pupe 

of three different chromosomal types. Ordinates: hatching percentages ; abscisse : 

relative humidities. Solid circles: ST/ST; open circles: CH/CH; triangles: 
RA/AR. 





results have been published in detail elsewhere (Heuts, 19470). 
Suffice it to note here that, as shown in fig. 1, CH pupe give the highest 
proportion of hatchings at the 100 per cent. humidity, while ST, and 
especially AR, are superior to CH at low humidities. Each point in 
the graph in fig. 1 is based on studying the hatching percentage in 
from 300 to 700 pupe ; in the two series of experiments pup of the 
same genotype gave rather different hatching percentages at zero 
per cent. humidity, but the relative positions of the points for ST, 
CH, and AR agree very well in both experiments. 

The differential mortality of the pupe thus favours Chiricahua 
homozygotes at the highest humidity, and Standard and Arrowhead at 
lower ones. The superiority of Chiricahua observed is especially inter- 
esting, because, in all the population cages studied by Dobzhansky, 
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Chiricahua homozygotes were found to be either inferior or, at most, 
equal in adaptive value to Standard and Arrowhead homozygotes. 
Yet the frequency of Chiricahua chromosomes increases during the 
spring months in the Pifion Flats population, thus indicating that in 
certain environments the carriers of these chromosomes are superior 
to the others. Whether or not the humidity is the environmental 
agent responsible for the changes observed in the Pijion Flats 
population is, of course, another question. 


INFLUENCE OF HUMIDITY ON THE VIABILITY OF THE ADULTS 


The influence of humidity on the longevity of Drosophila flies has been 
studied by several authors. Most experiments have been concerned 
with the longevity in the absence of food; such experiments are 
technically simpler than those involving feeding of the flies. Further- 
more, a starving adult insect is an energetically closed system, and 
its longevity becomes a measure of the rates of loss of the reserve 
materials, including water. Kalmus (1941) found that mutants which 
increase the body pigmentation in several species of Drosophila show 
greater longevities at low humidities and at a temperature close to 
25° C. than do mutants with lighter body pigmentation. The length 
of life is correlated with the rate of loss of the body weight. In 
another experiment (Kalmus, 1945) the ebony mutant of D. melano- 
gaster proved to be superior in competition with the wild type 
at low humidities and temperatures. This agrees with the findings 
of Greiff (1940), who found that ebony lives longer than the wild 
type at 79°3 per cent. of relative humidity and 25°C. Lilleland 
(1938) compared the longevity of D. pseudoobscura and D. persimilis, 
and found the former species to live longer than the latter, especially 
at low humidities. Strains of the same species coming from different 
localities proved to be often significantly different in their reactions. 

The material for the experiments to be described was prepared as 
follows : Stender jars with food were inserted in population cages 
with flies homozygous for ST, CH, and AR chromosomes respectively. 
The eggs deposited within twenty-four hours were distributed in a 
number of regular culture bottles with food, so that overpopulation 
was avoided. The development, as well as the oviposition, took place 
at 19°C. As soon as pupe appeared in the bottles, they were 
extracted by means of a needle, only light, and hence very young, 
pupe being taken. Pupz coated with the food medium were dis- 
carded. The pupz to be used were placed on pieces of filter paper 
in sterilised vials covered with cheese cloth held in place by a rubber 
band. The development of the pupe took place in a constant 
temperature room at 25° C., and under desired humidity conditions, 
namely, between 70 and 75 per cent. in one, and at 100 per cent. 
in another, experiment. Hatching flies were collected at six-hour 
intervals, and placed in test tubes 10 c.c. in volume, five flies per tube, 
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sexes being separated. The test tubes were numbered and lined 
against the walls of the desiccators, so that the flies in the vials could 
be seen through the glass of the desiccator without opening it; the 
vials were held in place by white cardboard, which made the 
observation easier. The counts of the surviving flies were made at 
six-hour intervals, at 6 a.m., 12 noon, 6 p.m., and 12 midnight. 

The results of the first experiment, in which the pupe developed 
at 70 to 75 per cent. humidity, are reported in table 1 and fig. 2. It 


TABLE 1 


Mean longevity (in hours) at different relative humidities of adult flies hatched 
Srom pupe which developed at 70 to 75 per cent. of relative humidity 





























Humidity Karyotype N Longevity Significance 
O per cent. CH/CH 70 33°17+0°40 P<o-o1 
° » AR/AR 70 35°48£0°45 
2 ST/ST 70 33°76-Lo- P=0-04 
76 is CH/CH 70 3°66 + 1°00 , 
76 3 AR/AR 70 dre eo \heeser 
76 - ST/ST 70 61-63+1°22 
100 : CH/CH 70 60-34+0°87 ’ 
et AR/AR 70 67 é 1°09 }B<o-or 
100 is CH/CH 70 66-85 +1°04 
TABLE 2 


Mean longevity {in hours) at different relative humidities of adult flies hatched 
from pupe which developed at 100 per cent. of relative humidity 








Humidity Karyotype N Longevity Significance 
O per cent. CH/CH 50 39°12-0°70 
O wi 99 ST/ST 50 39°72-£0°79 
° ba AR/AR 50 *4441°03 “ee 
76 ee CH/CH 50 5 88+ 1°29 \p aed 
. oe AR/AR 50 62-48-41 -86 35 
76 ee ST/ST 30 62-04.+2°26 aan 
100 * CH/CH 66-30+1°37 \p — 
100 7 AR/AR 60 62°50+1°35 satin. 
100 9» ST/ST 60 64°30+1°25 























can be seen that at 100 and 76 per cent. humidities the longevity of 
Standard and Arrowhead flies is about equal, while Chiricahua flies 
live fewer hours than the others. At zero humidity the longest lived 
flies are Arrowhead, while Standard and Chiricahua do not differ 
significantly from each other. It should be noted that these results 
are obtained with flies hatched from pupe which developed at 70 to 
75 per cent. humidity; as shown above, this humidity is more 
favourable for the development of Arrowhead and Standard pupe 
than it is for Chiricahua pupe (fig. 1). However, at 100 per cent. 
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humidity, a greater proportion of Chiricahua than of Standard and 
Arrowhead pupz give rise to adult flies. Accordingly, the experiment 
on the longevity of the adults at different humidities was repeated, 
using adults hatched from pupe developed at 100 per cent. humidity. 
All other conditions in the two experiments were alike. The results 
are reported in table 2 and in fig. 2. 

In the second experiment the highest longevity at 100 per cent. 
humidity has been found in Chiricahua flies (66-3 hours). Standard 
flies do not differ significantly from Chiricahua, while Arrowhead 
70 
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Fic. 2.—The average longevity of adults of three different inversion types in three different 
humidities. Circles: ST/ST; squares: CH/CH; triangles: AR/AR. Solid 
symbols: adults coming from pupe developed in 100 per cent. humidity ; open 
symbols : adults coming from pupe developed in 70 to 75 per cent. humidity. 


flies seem to die in a shorter time (62-5 hours). At 76 per cent. 
humidity, Chiricahua flies live longer than Arrowhead and Standard, 
which do not differ from each other. At o per cent. humidity no 
significant differences are apparent. A comparison of the survival 
rates of pupe and of adults at different humidities (figs. 1 and 2) 
shows that these rates are clearly interrelated. Indeed, at 100 per cent. 
humidity Chiricahua pup are superior to the others, and the flies 
hatched from these pupz# are relatively more resistant in their adult 
life than pupe of the same genotype developed at lower humidities. 
A carry-over from the larve to the adult was observed also by Alpatov 
and Pearl (1929), who found that D. melanogaster adults vary in 
longevity depending upon the temperature at which the larve had 
developed. 
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LONGEVITY OF ADULT FLIES IN RELATION TO TEMPERATURE 


Variations in response to temperature are well known to exist in 
species of Drosophila. Thus Timofeeff-Ressovsky (1934) found that 
the bobbed mutant in D. funebris is more viable than the wild type 


at high temperatures, but at low ones the conditions are reversed. 


Populations of the same species which live in different parts of the 
distribution area react differently to temperature (‘Timofeeff-Ressovsky, 
1935). Dubinin and Tiniakov (19462) placed adult flies homozygous 
and heterozygous for certain inversions at temperatures fluctuating 
between —2° and +3°C. After two and a half months, flies homo- 
zygous for the Standard gene arrangement were found to have 
survived better than those homozygous or heterozygous for the 
inversions. These findings can be correlated with the cyclic changes 
in the frequencies of the inversions observed by Dubinin and Tiniakov 
(19465) in populations of D. funebris at different seasons. The results 
of the experiments of Wright and Dobzhansky (1946) and of 
Dobzhansky (1947) on gene arrangements of D. pseudoobscura have 
already been mentioned. We have examined the longevity of 
homozygotes and heterozygotes for ST and CH chromosomes at two 
extreme temperatures, one between 0° and 4° C. and the other between 
28° and 30° C., approximately corresponding to the temperatures 
encountered by the flies in their natural habitats during the hibernation 
and during the hot part of the summer respectively. 

The flies to be used in the following experiments were raised in 
population cages at 19° C. Flies were extracted from the cages at 
approximately forty-eight-hour intervals. Seventy-five individuals 
were placed together in culture bottles with regular amounts of the 
culture medium. The sexes were not separated. Counts of the 
surviving flies were made at weekly intervals. In the high temperature 
series the survivors were transferred to fresh bottles every week. The 
humidity conditions are not exactly known, but in bottles with food 
a high relative humidity normally prevails. In the low temperature 
series, condensation water was frequently present in the bottles, 
indicating humidity close to the saturation point. 

The experiments at 28° to 30° were started with 375 flies of each 
of the three karyotypes, ST/ST, ST/CH, and CH/CH. The results 
obtained are shown in table 3. The average longevities, in days, are 
as follows :— 


ST/ST . ; ; : - 26°39-+0°25 
ST/CH . , : . . 23°45+0-°28 
CH/CH . R : ; . 21°63+0°14 


Standard homozygotes are clearly superior to the heterozygotes, 
and these are in turn superior to the CH/CH homozygotes. This 
finding differs from those of Dobzhansky and Wright quoted above, 
who found the adaptive value of the heterozygotes to be higher than 
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those of either homozygote ; however, these authors were concerned 
with over-all selective advantages and disadvantages displayed by the 
different karyotypes in population cages kept at temperatures close to 
25°, so that the experiments are by no means comparable. In our 








TABLE 3 
Numbers of surviving adult flies kept at 28° to 30° 
Weeks ST/CH ST/ST CH/CH 

I 368 372 373 
2 351 361 363 
3 116 270 47 
+ 49 35 o 
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experiments the superiority of Standard homozygotes is attested not 
only by their greater longevity but also by their greater fertility. 
In all the bottles kept at 28° to 30°, eggs were deposited by the flies. 
However, only very few larve appeared in the bottles with Chiricahua 
homozygotes, and none of them pupated. Therefore CH chromosomes 
may be said to be lethal when homozygous at 28° to 30°. The 
Standard homozygotes produced, during the four weeks which the 
experiment lasted, 714 F, and Fy, offspring. The heterozygous flies 
produced at the same time only 65 F;, flies. Of these, 20 flies were 
outcrossed at room temperature to normal flies homozygous for ST 
chromosomes. All but two crosses proved to be sterile ;_ the larve 
from the two fertile crosses were examined cytologically and found to 
be ST homozygotes. 

The experiments at the “ hibernation” temperature 0° to 4° C. 
were started with 675 flies of each karyotype. The results are 
summarised in table 4 and fig. 4. The average duration of life, 
in weeks, for each of the three karyotypes is as follows :— 


ST/ST . ; ' . 15°71 0°14 
ST/CH . ; , ‘ . 17°24+0°18 
CH/CH . : ‘ : . 14°05+0°16 


In all three types the duration of life at low temperature is 
surprisingly high in comparison with D. funebris, in which, according 
to Dubinin and Tiniakov (19462), very few survivors are left after 
about ten weeks of hibernation. If our data are indicative, D. pseudo- 
obscura withstands much longer periods of hibernation without much 
risk of extinction. The most long-lived type is clearly the ST/CH 
heterozygote, the Standard homozygote is next, while the Chiricahua 
homozygote is relatively short-lived. How great a selective action 
may result from these differences in longevity is clear from inspection 
of table 4; after fifteen weeks of hibernation less than half of the 
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initial number of Chiricahua flies are alive, contrasted with almost 
three-quarters of the heterozygotes. After eighteen weeks the number 
of surviving heterozygotes is almost twice that of Standard, and more 
than three times that of Chiricahua homozygotes. After twenty 
weeks the heterozygotes are four to five times more frequent than 
the homozygotes. 

TABLE 4 


Numbers of surviving adult flies kept at 0° to 4° 























Weeks ST/CH ST/ST CH/CH 
I 669 675 670 
2 666 675 658 
3 660 670 642 
4 654 669 632 
5 649 666 621 
6 643 663 616 
7 637 659 607 
8 633 854 597 
9 624 63 575 

10 613 628 539 
il 586 602 492 
12 568 547 453 
13 547 495 401 
14 526 435 344 
15 495 368 294 
16 443 296 237 
17 367 210 145 
18 294 156 go 
19 253 108 69 
20 169 40 34 
Qi 105 24 23 
22 54 16 15 
23 29 9 7 
24 13 I oO 
25 8 o fo) 
26 4 fe) o 
27 3 oO o 
28 2 oO oO 
29 2 o oO 
go 2* o oO 





* The experiment was finished at this time ; in the calculation of the mean longevity 
(see page 70) the surviving flies were considered as having died during the 31st week. 


Mr Bruce Wallace has performed a longevity experiment with 
the same three chromosomal types, using, however, a different 
experimental procedure, and has generously permitted quotation 
of the following data secured by him. Flies were raised at room 
temperature in usual culture bottles. Several strains of each chromo- 
some were intercrossed. When the flies hatched, the sexes were 
separated, and groups of about 100 flies of a given chromosomal 
constitution and sex were placed in empty half-pint bottles. A paper 
spoon with the food medium was inserted in each bottle three times 
a week for about twenty-four hours. During the intervals between 
the feedings the flies were starving. The bottles with the flies were 
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Fic. 3.—Life table curves of the three chromosomal types at 4°, from table IV: (a) 
survivorship (Ix) ; (b) death curve (dx) ; (c) death-rate (qx). 


open circles: CH/CH; crosses: ST/CH. 


Solid circles : ST/ST ; 
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kept in an incubator at 25°C. The average duration of life under 
these conditions proved to be as follows (in days) :— 


ST/ST . ; ‘ ; . 21°82+0°33 
ST/CH . : : ; . 21°43+0°33 
CH/CH . ; : : . 18-62+0-36 


The longevity of homozygous Standard flies is the same as in 
heterozygotes, while homozygous Chiricahua live significantly fewer 
days. It may be noted that in our experiments at 28° to 30°, Standard 
homozygotes live longer than do the heterozygotes ; at 0° to 4° the 
opposite relationship holds, since the heterozygotes are clearly longer- 
lived than the Standard homozygotes. In Mr Wallace’s experiment 
carried out at 25°, the heterozygotes and the Standard homozygotes 
are alike. in longevity. Although these three series of experiment 
were carried out under conditions diverse enough to make their 
results not strictly comparable, it is tempting to infer that the hetero- 
zygotes are intermediate in longevity between the two homozygotes at 
high temperatures, but gradually become equal to the better homo- 
zygote, and finally superior to both homozygotes, as the temperature 
becomes lower. 


DISCUSSION 


The experiments described in this article show that D. pseudoobscura 
carrying different gene arrangements are clearly different in their 
physiological properties. Thus some of the physiological character- 
istics of the fly are for the first time shown to be correlated with its 
chromosomal structure. Furthermore, the physiological properties 
involved are important in the adaptation of the insect to its natural 
environments. Indeed, both temperature and humidity requirements 
are probably limiting factors in many potential habitats in the 
distribution area of the species. Flies with Standard, Arrowhead, 
and Chiricahua chromosomes each possess temperature and humidity 
preferences which make them adapted to different ecological niches, 
each of the chromosomal types being superior to the other under some, 
and inferior under other conditions. 

The question immediately arises, what bearing have the 
physiological differences observed between carriers of different gene 
arrangements on the cyclic changes observed in the Pijion Flats 
population by Dobzhansky (1943), and on changes taking place in 
the artificial populations kept in population cages (Wright and 
Dobzhansky, 1946; Dobzhansky, 1947). In agreement with the 
findings of these authors, our observations prove that one of the 
stages of the life cycle of the fly at which a selective process may take 
place lies in the pupal stage. Since our experiments did not involve 
larve, no conclusions can be drawn regarding the possible differential 
viability in the larval stage. The differential viability of the pupz at 
different humidity conditions is more important than it seems at 
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first sight, since the adults hatched from the pupe kept at optimal 
conditions show a greater longevity than those hatched from pupe 
which developed in unfavourable environment. It is possible, 
although not proven, that other physiological functions of the adult 


fly, for example its fecundity, may be likewise affected by conditions, 


during the pupal stage. In any case, the fact that each chromosomal 
type has an ecological niche in which it is superior to other types 
agrees very well with the observation that in the natural habitat the 
seasonal changes are cyclic and reversible. 

Whether or not the conditions during the pupal life would influence 
the longevity of the adult in the presence of food remains to be 
determined. - This seems, however, likely to be the case, because the 
physiological differences between the chromosomal types suggest shifts 
in the water balance regulatory system of the insect concerned. The 
findings at 100 per cent. humidity may indicate differences in 
permeability of the epidermal tissues, or differences in active water 
excretion abilities, between the carriers of the different karyotypes. 
If so, the increase in the frequency of Chiricahua in the Pifion Flats 
population observed every spring may be connected with the relatively 
high humidity prevailing during this season, and with the dryness 
prevailing during the summer months. 

The known geographic distribution of the gene arrangements in 
D. pseudoobscura also agrees with the finding that Arrowhead is superior 
to the other chromosomal types at low, and Chiricahua at high, 
humidities. In the driest part of the distribution area of the species, 
namely in Arizona, Utah, and western New Mexico, populations are 
found in which Arrowhead is the predominant, or even the only one, 
gene arrangement. Chiricahua, and other members of the Santa 
Cruz phylad of gene arrangements, is relatively more common on the 
Pacific Coast (Dobzhansky and Epling, 1944). 

It may be concluded that the water concentration in the environ- 
ment of the fly, defined as it is by temperature and humidity, plays an 
important réle in the evolution of the species D. pseudoobscura, just as 
it does, by way of temperature and osmotic pressure in the case of the 
fish Gasterosteus aculeatus according to Heuts (19472). 


SUMMARY 


1. The relative humidity during the pupal stage at 25° C. affects 
differentially the carriers of different gene arrangements in D. pseudo- 
obscura. Pupe homozygous for the Arrowhead gene arrangement 
give higher hatching percentages at low humidities, and Chiricahua 
homozygotes at high humidities. Standard homozygotes are 
intermediate. 

2. The humidity conditions during the pupal stage affect differen- 
tially the longevity of the adult flies hatching from these pup of a 
given chromosomal type. 
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3. The duration of life in the presence of food at high temperatures 
(20° to go°C.) is highest in flies homozygous for Standard 
chromosomes, lowest in Chiricahua homozygotes, and intermediate 
in heterozygotes. Larve homozygous for Chiricahua chromosomes 
are inviable at this temperature, while those homozygous for Standard 
survive. 

4. The duration of life in the presence of food at low temperatures 
(0° to 4° C.) is higher in Standard/Chiricahua heterozygotes than in 
either homozygote. 


Acknowledgments.—I wish to express my deepest indebtedness to Professor 
Th. Dobzhansky for his generous hospitality. and for his continuous advice and 
encouragement during the course of this investigation. Thanks are also due to 
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1. INTRODUCTION 


THE spiders are distinguished by their sex chromosome mechanism. 
Painter (1914, partially in conformation of earlier work by Wallace 
and others) has definitely shown that the males of 13 species, each 
from another family, have two X’s which pass to the same pole in the 
first meiotic division, thus leading to two kinds of sperms with either 
two X’s or none. Hard (1939) described another case of this type. 
Only recently an exception was discovered by Revell (1947) in 
Tegenaria. He found the usual two X’s in one species but three X’s 
in two other species. 

In all these cases the female must have twice the number of X’s. 
This was first confirmed by Revell. But a comparative study of 
meiosis in males and females had never been undertaken. The main 
cytological problem in spiders—by what means the joint segregation 
of the X’s is secured—was solved by Revell in Tegenaria, but it had 
yet to be seen whether the special mechanism in this genus is present 
in all spiders. In fact, it is not, so this question was still open. The 
material at hand, males and females, proved favourable not only to 
deal with these tasks but to gain some information concerning more 
general problems such as heterochromasy, nucleic acid metabolism and 
spiralisation. Furthermore, the question of the origin of the multiple 
X-mechanism had to be raised and that cannot be treated adequately 
without genetical considerations which have been rather neglected 
so far. 

The present study was begun in 1934 at the Kaiser Wilhelm 
Institut fiir Biologie in Dahlem but fortunately not finished, since, 
when this was done in Merton, the conditions in Tegenaria could be 
taken in full account. I am obliged to Dr Revell for much information 
on this genus and for letting me see his paper before it went to press. 


2. MATERIAL AND METHODS 


This study rests upon four individuals which were caught in a 
forest near Berlin in early August 1934. I am indebted to 
Dr Blumenthal for their identification. They were: 2 immature 
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males with their last moult before them, 1 immature and 1 mature 
female. 

The gonads were always removed from the abdomen before 
fixation. Because of the limited material only Bouin-Allen’s fluid was 
used, which proved very satisfactory in every respect. From one 
ovary of the immature female a smear preparation with Feulgen 
staining was made. The other ovary, the eggs of the mature female 
and the testes were imbedded in paraffin wax after passing through 
methylbenzoat-celloidine. The thickness of the sections was either 
10 with Heidenhain’s iron hematoxylin staining or 20 to 30 
with Feulgen staining. The Feulgen slides have faded but still show 
every detail. 

All conclusions are based on nuclei clearly distant from the surfaces 
of the section, so misinterpretations owing to dislocations are excluded. 
The figures, if not mentioned otherwise, were made from sections. I 
am obliged to Mr La Cour for his help with the photographs of plate 
(figs. 2-6). 


3. THE CHROMOSOME COMPLEMENT 


Table 1 shows that the diploid number is 211 autosomes with 
2 X’s in the male and 4 X’s in the female. Half of the sperms have 
2 X’s, the others none. The mature eggs have 2 X’s. 


TABLE 1 


Chromosome counts (with references to text-figs.) 








spermatogonial mitosis . , - | 24 chromosomes 4a 
pachytene—I. division . : - | 11 bivalents+2 X’s (going | 5 ; 6a—c 
e to the same pole) 
II. division on , ‘ . | 11 chromosomes 6d, f 
‘ 13 ” 
( nutritive cell mitosis | 1a, b 
odgonial mitosis 26 1c 
Female prochromosome stage + 2a 
pachytene—I. division ° - | 13 bivalents ad,g; 36,¢ 














The X’s cannot be distinguished from the autosomes except in 
spermatogenesis. Nor is it possible to identify any of the autosomes. 
All chromosomes are practically telocentric, the short arms being 
too small to be recognised. 


4. OOGENESIS 


An excessive contraction of pre-meiotic chromosomes has been 
observed in the spermatogonial mitoses of several organisms (e.g. 
Chorthippus ; Darlington, 1936). In Aranea this phenomenon does 
not occur in the male, at least not in the last spermatogonial division 
(fig. 4a), but it is extremely pronounced in all observed odgonial 
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mitoses (fig. 1c) some or all of which must represent the last pre- 
meiotic division. 





Cc 


Fic. 1.— (a), (6) prophase and metaphase in cells of the stalk which carries the growing egg 
(in the text referred to as nutritive cells ; corresponding anaphase in plate, fig. 1) ; 
(c) oégonial metaphase. Ovary of immature female. Feulgen. x 4000. 


A continuous seriation was possible beginning with the pro- 
chromosome stage (fig. 2a). These densely stained, irregular bodies 
are complete chromosomes: they have nothing to do with hetero- 
chromasy which has not been observed at all in the female. The 
prochromosomes unravel into leptotene chromosomes (fig. 2b and ¢). 
Both in leptotene and in pachytene polarisation seems to be missing. 
But the number of nuclei was too small to be quite sure about that. 
A moderate degree of polarisation in the leptotene of Aranea could 
be recognised only in favourably orientated nuclei since a full analysis 
of the crowded chromosomes is impossible. In the pachytene nucleus 
of fig. 2d the polarisation might have already lapsed. In this and in 
another pachytene nucleus (fig. 2¢) one chromosome was only partially 
paired, possibly owing to structural hybridity. Chromomere structure 
could be seen only exceptionally (fig. 2f). 

In diplotene the following changes begin and proceed quickly : 
(i) The thymonucleic acid charge, as judged by the Feulgen staining, 
decreases, and soon after the stage of fig. 24 it seems to disappear 
completely. In eggs, like that of plate, fig. 1, not the slightest staining 
of any part of the cell can be seen in spite of the thickness of the section 
(30 u). As long as the chromosomes are visible no change of their 
size can be ascertained. (ii) A rapidly growing nucleolus appears 
between the stages of figs. 2g and 2h. It develops an outer layer of 
optically denser material (plate, fig. 1). (iii) An enormous growth of 
the nucleus and cytoplasm takes place. The inter-relation between 
these three changes need not be discussed here as the most important 
ribose nucleic acid metabolism could not be followed with the 
methods applied. 

The mature female had obviously not yet copulated for no sperms 
were found and no oviposition occurred, although she was kept for 
one-and-a-half months before killing. Only first metaphases (5) and 
anaphases (27) were observed (fig. 3). The 13 bivalents have exactly 
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one chiasma each. Most are terminalised but the crowding makes 
it impossible to determine the terminalisation coefficient accurately. 
It is obviously higher than in the male. 
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Fic. 2.—Odécyte nuclei from immature female : (a) prochromosomes ; (5) unravelling of 
prochromosomes (only some of them drawn); (c) leptotene (optical section) ; (d) 
pachytene ; (e) same, incomplete pairing; (jf) same, chromomere structure ; 
(g), (hk) diplotene (oblong shape of nucleus g probably due to smearing) ; (4), (f), 
(g) smear. Feulgen. x 4000. 


The gaps which have been left in Aranea by this description are 
filled by Montgomery’s paper on the odgenesis and fertilisation of 
the egg of Theridium (1907). It begins with the appearance of 
diplotene chromosomes after the growth period. They have then 
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more than ten times the length they will have in first anaphase. In 
view of my observation of relatively short chromosomes in early 
diplotene (fig. 2g) the conjecture seems justified that the invisible 
chromosomes of the later growth period are considerably longer than 
in early diplotene. 
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Fic. 3.—First meiotic division in the egg. (a) metaphase (not all chromosomes visible) ; 
(5) anaphase ; (c) same, polar view. Feulgen. X 4000. 


Montgomery’s figures show absence of conspicuous heterochromasy 
not only in the egg nucleus but also in the male pronucleus. It must 
be concluded that the sperm X’s like those of the female pronucleus 
do not behave heterochromatically in the fertilised egg. 


5. SPERMATOGENESIS (AUTOSOMES) 


From the prochromosome stage until early diplotene, when the 
egg enters the growth period, the behaviour of the autosomes is very 
much the same in both sexes, except that polarisation may be missing 
in the female. In the male it has been observed from leptotene to 
early pachytene (figs. 4c and 5 a and 5b). The general course of 
events can be seen in figs. 4-6 and in plate, figs. 2-6. The cells are 
included in cysts, each of which contains 16 spermatocytes of the first 
order or corresponding numbers of other stages. Usually all cells 
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within one cyst develop strictly simultaneously and _ without 
abnormalities. 

The metaphase bivalents have always exactly one chiasma which 
is situated in the long arm. Apparent ring bivalents in diplotene 
(fig. 5h) might be interpreted as having also only one true chiasma 
whilst the short arms are merely sticking together, as it has never 
been proved that a real ring bivalent can be opened before anaphase. 
But it has not been disproved either. Occasional bivalents like that 
of fig. 5g seem to suggest that the short arms may form a chiasma 
which, however, being too close to the centromere, cannot prevent 
these arms becoming separated before metaphase. The terminalisation 
coefficient in metaphase varies little around 5/11-6/11 and seems 
not to be correlated with the highly variable chromosome length 
which will be discussed later. 


a 





Fic. 4.—(a) last spermatogonial division (from cyst with 8 divisions) ; (5) unravelling of 
prochromosomes (optical section) ; (c) leptotene (X group from upper surface, 
otherwise optical section) ; (d) X group from leptotene nuclei. Feulgen. x 4000. 


Failure of chiasma formation, as indicated by a pair of univalents, 
occurred rarely. In fig. 7a this was clearly due to abnormal conditions 
in the whole cyst, as the cyst contained all sorts of stages between late 
diplotene and early spermatids and as the chromosomes in these 
nuclei made a somewhat swollen impression. 

A few inversion bridges and fragments were observed in both 
males (fig. 7 5 and). In one case the fragment could not be found 
(fig. 7d), possibly it was hidden amongst other chromosomes. The 
size of the fragments seems to vary. A very careful search did not 
give any indication of a pachytene loop, though at least in the nuclei 
5 (a and 54) a complete analysis was possible ; all chromosomes were 
paired in full length. 

The diplotene nucleus of fig. 5¢ shows an unusual translocation 
which involves only single chromatids. The diagram (fig. 5/) is 
arbitrary in details but the main facts are clear. Two breaks (one 
distal and one proximal, both in the long arms of two non-homologous 
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chromosomes) have presumably taken place in the preceding resting 
stage. After the division, the original connection must have been 
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Fic. 5.—Spermatogenesis. (a), (b) early pachytene; (c) late pachytene; (d) early 
diplotene ; (e) middle diplotene ; (f) diagram of chromatid translocation in (e) ; 
(g), (A) same, bivalents with possibly two chiasmata; (i) diakinesis. (g) iron- 
hematoxylin ; (a-f), (h), (i): Feulgen. x 4000. 





restored at both breaks in only one chromatid, thus leaving the other 
chromatid liable to translocation. 


6. COMPARISON WITH TEGENARIA 


In view of the peculiarities discovered by Revell (1947) in the 
spermatogenesis of Tegenaria I carefully re-examined my slides. Aranea 
Reaumuri differed from Tegenaria in the following features :— 

(i) The X’s are less polarised than the autosomes. In pachytene 
the X group is lying on the periphery of the field of. polarisation 
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Fic. 6.—Spermatogenesis. (a) I. metaphase (X’s in end view, their real position was nearer 
to the pole) ; (6) same, polar view ; (c) I. anaphase ; (d), (e) II. metaphase without 
and with X’s; (jf) II. anaphase; (g) young spermatid nuclei with and without 

heterochromatic X’s. Feulgen. (a-f) x 4000; (g) X 1300. 
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(fig. 5 a and b). (ii) Most pachytene autosomes are polarised at both 
ends (fig. 5a). (iii) Polarisation lapses at the end of pachytene. In 
diplotene (plate, figs. 2 and 6) and diakinesis (plate, fig. 3) the 
bivalents are evenly distributed, no “stage resembling anaphase 
precedes metaphase ” and the position of the X group is independent 
of that of the centrosomes (plate, fig. 2). (iv) The X’s show strong 
positive heterochromasy until diakinesis ; in first metaphase their 


XX 
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Fic. 7.—Spermatogenesis. (a) I. metaphase with two univalents (U) ; (5) I. anaphase 
with inversion bridge and fragment ; (c) II. anaphase with broken bridge and fragment ; 
(d) II. anaphase with bridge. (a), (d) iron-hematoxylin ; (6), (¢) Feulgen. x 4000. 


nucleic acid charge cannot be much lower than that of the 
autosomes. (v) The ends of the pachytene autosomes are not 
heterochromatic. 

The X,X,O-mechanism is characteristic of all spiders so far 
investigated (with an additional X in two Tegenaria species), and in 
Tegenaria the lasting polarisation offers an explanation of why the 
X’s always pass to the same pole in the first division. One might 
therefore have thought that the unusual conditions in Tegenaria would 
be common to all spiders. It is quite possible that former students of 
the cytology of spiders merely failed to notice them. The normality 
of the Aranea spermatogenesis, however, suggests that the cytological 
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peculiarities in Tegenaria are exceptional even with spiders. The 
primary cause for the regular segregation of the X’s must be sought 
on other lines. 


7. SEX CHROMOSOMES 
(i) Heterochromasy 


Whilst autosomal heterochromatic regions, if they exist in Aranea 
Reaumuri, must be very small, the X’s seem to be totally hetero- 
chromatic. This property, it seems, becomes visible only in 
spermatocytes and spermatids. No differential behaviour of the 
X’s and no chromocentres could be seen in odégenesis (fig. 2), in 
odgonial, spermatogonial or other mitotic prophases and resting 
stages of the gonads, or in any other tissue that happened to be 
included in the sections. 

There is ample cytological and genetical evidence that euchromatin 
and heterochromatin differ in their permanent chromonema structure, 
generally assumed to be a protein framework forming a chain of 
chromomeres, genes, to which nucleic acid is attached in cyclically 
changing quantities. Under special physiological conditions, such 
as exist normally in certain cells or can be induced by artificial 
treatment, heterochromatin manifests itself by a differential appearance 
which is called heterochromasy or heteropycnosis. In order to 
simplify the terminology it may be suggested to retain only the first 
term which has also the advantage to indicate by its verbal meaning 
what seems to be the essential feature of the phenomenon : a nucleic 
acid charge different from that of euchromatin in the same nucleus. 
Darlington and La Cour (1940) have interpreted the facts by the 
assumption that heterochromatic genes have a lower nucleic acid 
reactivity which can upset the correlation, characteristic for the 
euchromatin, of nucleic acid attachment and reproductive cycle. 

The nucleic acid charge and the chromosome thickness of hetero- 
chromatic segments deviate in the same direction from those of 
euchromatic ones, the convenient terms positive and negative 
heterochromasy are therefore synonymous with positive and negative 
heteropycnosis (White, 1935). 

The existence of heterochromatin should not be taken for granted 
if the heterochromasy is displayed by chromosome sections which 
might have a chemical environment different from that of other 
regions. A conclusive example has been provided by Caspersson and 
Schultz (1938). They showed that the nucleic acid cycle of euchro- 
matic genes is disturbed by translocation to heterochromatic segments. 
Another spatial relation, proximity of the centromere, presumably 
determines the over-charge of proximal chromosome parts which 
occurs during the meiotic prophase in some organisms (Darlington 
and La Cour, 1940). 

In the permanent telophase nuclei of certain Radiolariz the distal 
regions of two exceptionally long chromosome arms are over-charged 
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which are lying on the surface of the densely packed chromosome 
mass (Patau, 1937a). It seems not unlikely that the excessive nucleic 
acid charge is caused merely by the position of these regions. The 
possibility that the heterochromasy of polarised chromosome ends in 
Tegenaria (Revell, 194.7) is not due to heterochromatin but to contact 
with the nuclear membrane should be borne in mind. 

In the X’s of spiders and other organisms the existence of hetero- 
chromatin is, however, beyond doubt. Darlington (1937, pp. 312-313) 
and White (1940a) have given several reasons why the heterochromasy 
of the X in spermatogenesis cannot be merely the result of their 
unpaired condition. Other convincing evidence is provided by the 
spermatids. In Aranea the X’s are indistinguishable from the auto- 
somes in the second division. Nevertheless they turn out extremely 
heterochromatic in the subsequent stages. Since the genetical balance 
in the X-spermatids is the same as in female cells the heterochromasy 
must be determined by physiological conditions which are not 
immediately controlled by the genetical constitution of their own 
nucleus. 

Selection will take care that the normal physiological conditions 
in the odcytes are such as to prevent a condensation of the X’s which 
could interfere with chiasma formation and consequently upset the 
regular X-disjunction. (For a discussion in terms of the precocity 
hypothesis, see Darlington, 1939.) The adaptive value of the absence 
of heterechromasy in the female meiosis has already been pointed 
out by White (19402). 


(ii) Heterochromasy and spiralisation 


In the female the X’s could not be identified. All stages, including 
pachytene, showed 13 or 26 chromosomes of equal appearance and with 
length differences comparable to those observed in the male. Therefore, 
with equal nucleic acid charge, heterochromatin and euchromatin 
must have the same or nearly the same properties in regard to pairing, 
division, chiasma formation and spiralisation. 

Darlington and La Cour (1938, 1940) have produced negative 
heterochromasy by cold treatment in Paris and in Trillium. The 
heterochromatic segments retained their normal length but were 
considerably reduced in diameter. Constant length, independent of 
the thickness, was also observed by White (19402). He found in 
several Orthoptera that the totally heterochromatic X in mitotic 
and meiotic metaphases and in diakinesis had the same length with a 
varying diameter. 

The fact that heterochromatic segments, when short of nucleic 
acid, may have only half their normal thickness can hardly be under- 


. stood without assuming some change in the spiral structure. Otherwise 


the spiral could normally fill only a central core, being covered by a 
thick layer of nucleic-acid-containing material. I regard that as 
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incompatible with all reliable observations (this will be discussed 
elsewhere). The diameter of the spiral itself must vary with the 
nucleic acid charge. Nevertheless the length of the spiral remains 
the same. 

The characteristics of a spiral are the height h of one gyre, the 
diameter d of the spiral and the length ¢ of the coiled thread, the 
chromonema, to whose axis they are all related (fig. 8). The axis 
we may assume to be the protein framework to which the nucleic 
acid is attached. 
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Fic. 8.—Explanation in the text. 


If ¢ as well as d varied with the nucleic acid charge, h would have 
to follow a certain non-linear function of ¢ and d in order to render 
the chromosome length / constant. It is very difficult to imagine a 
mechanism which would secure this function. Let us, therefore, 
assume that / and ¢ are both constant. Then the proportion h: d, 
whatever its value be, must be constant too. This again would be 
very difficult to account for if a thin chromonema were imbedded in 
a homogeneous matrix (fig. 8a). The whole difficulty disappears if 
most of the chromosome material is attached to the chromonema and 
if this thick thread is coiled into a compact spiral (fig. 8b). The length 
of a compact spiral is independent of the thickness of the thread. If 
the chromonema is cylindrical / is always equal to ¢ 2-72. 

Thus the otherwise quite enigmatical independence of length and 
diameter of a heterochromatic segment can be fully understood from 
three very plausible assumptions : (1) The metaphase spiral is formed 
by a thick thread with no space left between succeeding gyres. This 
view, because it most easily explains the regularity of the spiral 
structure, is held by many cytologists, including Darlington and 
Upcott, who have discussed it in detail (1939). (2) The metaphase 
spiral is compact. That is a reasonable assumption as the compact 
condition, distinguished by a maximal degree of contact within the 
spiral, is likely to be the most stable one. It has already been given 
prominence by Darlington and others. (3) The chromonema length 
in metaphase has a definite value independent of the nucleic acid 
charge which determines only the chromatid diameter. 




















Fic. 1.— Growing egg from immature Fic. 2.—Diplotene in’ male. (¢) pairs of 


female (nucleus a little out of focus). centrosomes ; (x) position of centro- 
Feulgen. Taken with narrow aperture. somes (out of focus) in the upper 
X 450. nucleus; arrows point to X groups 


(more or less out of focus). Iron- 
hematoxylin. 2400. 


Fic. 3.—Diakinesis in male with centrosomes 
opposite to each other. Iron-hema- 
toxylin. 2400. 


Fic. 4.—I. metaphase with exceptionally 
separated X’s. Iron-hematoxylin. 
X 2400. 


Fic. 5.—Typical I. metaphase. _Iron- 
hematoxylin. x 2400. 


Fic. 6.—Testis. Two o’clock: early diplotene; X,: X group at late diplotene; / : 
I. metaphase with long chromosomes (X group in typical position) ; s: same with 
short chromosomes (X group out of focus); X,,: X’s at I. metaphase; X,: X- 
chromocentre in young spermatid ; five o’clock : old spermatids. Feulgen. x 1200. 
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A real independence, within certain limits, between chromatid 
length and diameter would be new evidence, not easily to be dismissed, 
in favour of these assumptions. The question is whether the existing 
observations do prove independence. It could, of course, happen 
that changes of different spiral characteristics by pure chance 
approximately cancel one another in their influence on the chromosome 
length. But if length constancy is found in quite different material 
this possibility becomes remote. So the results of Darlington and 
La Cour and White are probably significant. 

The suggested explanation of the length constancy implies that 
the number of coils per length unit is inversely proportional to the 
chromatid diameter. White’s (1940a) observations of relic coils in 
spermatogonial prophases of three Acridide seem indeed to indicate 
a relatively higher number of coils in the negatively heterochromatic 
X than in the autosomes. White’s view on spiral structure in eu- and 
heterochromatin is essentially the same as the one taken here, though 
he has apparently not realised that a compact structure appears to 
be the only available explanation of the length constancy. He even 
throws some doubt on the compactness of negatively heterochromatic 
chromosomes because “ their outlines are too irregular and flocculent.” 
But I think this outline is quite in accordance with the expectation 
(fig. 8b) ; the question is rather why the fully charged metaphase 
chromosomes show a smooth outline. In big mitotic chromosomes the 
furrows between the coils should be easily visible even in living cells, 
but this is usually not the case. It is not unlikely that some of 
the nucleic acid containing chromosome material is not fixed to the 
chromonema but fills these furrows. 

The length constancy is certainly not unconditional. In cases of 
extreme nucleic acid starvation, heterochromatic segments have been 
observed to be longer as though in a prophase condition (e.g. in 
Paris japonica: Darlington and La Cour, 1940). If the metaphase 
chromatid really is a compact spiral with its small shortening factor 
(as we may call the proportion chromonema length: chromatid 
length) of 2-72, the prophase contraction must be due to a shortening 
of the chromonema itself in addition to spiralisation. Perhaps this 
shortening is somehow connected with the attachment of nucleic 
acid. Further nucleic acid accumulation would increase only the 
diameter of the chromonema. [If its initial contraction proceeded 
along slightly screwed lines on the chromonema it would provide the 
inner cause, the molecular coiling of Darlington, for the exterior 
coiling. 

Another approach to the problem of the relation between nucleic 
acid charge and spiralisation is offered where, as in meiosis in the 
male of Aranea Reaumuri, the heterochromatic regions are more 
contracted in prophase than in metaphase. Their heterochromasy 
begins when they, as well as the autosomes, are in a prochromosome 
condition ; it becomes pronounced when the autosomes unravel and 
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quickly change into leptotene. During this transformation the X’s 
retain their shape, though their nucleic acid charge may already have 
begun to increase. A comparison between figs. 4c and 2a shows 
that the structure of the X’s in early leptotene of the male must be 
the same as that of all chromosomes in the prochromosome stage of the 
female (or of the male). The outline of these chromosomes and 
especially the way they unravel (fig. 2b) leave no doubt that they are 
not in a state of regular coiling. They behave as if the chromonemata 
were sticky and as if subsequently their stickiness ceased or were 
overcome by a repulsion. During this process the nucleic acid charge 
seems to decrease. 

In the male the X’s do not unravel. Their nucleic acid content 
increases greatly until in diplotene they have condensed into one 
round body (fig. 5). Later their positive heterochromasy disappears 
as the nucleic acid charge of the autosomes is enhanced. Possibly 
at that time the X group loses some of its nucleic acid. In metaphase 
each X appears to have about the same degree of condensation as the 
autosomes. A slightly negative heterochromasy might exist at 
metaphase, though that is difficult to ascertain as the X chromatids 
are still more closely paired and as the exact length proportion 
between the X’s and the autosomes is unknown. In any case the spiral 
structure of the X’s must be regular and not very different from that 
of the autosomes (plate, fig. 6 at X,,). This is also indicated by the 
fact that the condensation of the X’s and that of the autosomes show 
intercystic covariation, they are obviously controlled by the same 
physiological conditions within cysts. At least in the cysts with longer 
chromosomes the metaphase X’s are longer than in late diplotene. 

Now coiling is certainly a progressive process which cannot be 
reverted. Once the regularity of a spiral has been lost it will not be 
restored. Therefore the metaphase spiral of an X can hardly have 
derived from those irregular relic coils which might still have existed 
in the prochromosome. Neither does it seem at all likely that the 
longer metaphase spiral has developed from a preceding shorter spiral 
as this would involve a decrease in diameter and an increase in the 
number of coils. The chromonema must undergo a new process of 
coiling within the relatively over-charged X as it does in the stretched 
and under-charged autosomes. Spiralisation is independent of excessive 
nucleic acid. 

The undisturbed progress of coiling within the X would be hard 
to understand if the chromonema were kept together by a general 
attraction or by the stickiness which is possibly responsible for the 
preceding prochromosome condition. This difficulty may be taken 
as a new argument in favour of the assumption that positive hetero- 
chromasy consists in the accumulation of a nucleic acid containing 
fluid which finally runs into one drop. Within this the chromonema 
would be free to undergo spiralisation and the surface tension would 
result in the round shape and smooth outline of the chromosome. This 
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fluid has been assumed by Darlington and La Cour (1945) to be 
unpolymerised nucleic acid distinguished from the polymerised 
nucleic acid building up the normal “dry” chromosome. They 
have discussed in detail the importance of the stickiness of this fluid 
in relation to chromosome breakage. Stickiness of heterochromatic 
chromosome sections has been observed in many organisms (e.g. in 
Edessa: Schrader, 1941) and it has recently been shown by 
Thomas and Revell (1946) in Cicer to be responsible for secondary 
association. 

Stickiness can be displayed, of course, only if the well-known 
repulsion between chromosomes, whatever it be, is sufficiently weak. 
The apparent absence of stickiness in euchromatic chromosomes does 
therefore not prove that the fluid nucleic acid is absent too. On the 
contrary, we may assume that this fluid is the same which has been 
suggested above as reason for the smooth outline of the normal 
chromosome from late prophase to anaphase. It should be noted 
that this conception, though it abandons the restriction of un- 
polymerised nucleic acid to the heterochromatin, still fulfils all what 
is required by the breakage theory of Darlington and La Cour. 

To avoid a new term the fluid may be called matrix, but it must 
be understood that it is based on the assumption of a compact meta- 
phase spiral or possibly a hollow spiral (Darlington and Upcott, 
1939), in which case the matrix would fill not only the furrows but 
also the inner core. There is little connection between this and 
other matrix hypotheses involving different types of spiral structure 
(e.g. fig. 8a), so we may refrain from discussing these hypotheses. 

With increasing negative heterochromasy the matrix disappears 
first, then the (polymerised) nucleic acid is reduced which is attached 
to the chromonema and determines its thickness. Stickiness betrays 
the presence of a matrix, though it may be only a thin film, as 
possibly in the prochromosomes of Aranea, covering the chromonema. 
A positively heterochromatic segment has more matrix material than 
euchromatic regions in which it may be even completely missing at 
that stage. Certain Protista, for instance Merodinium (Patau, 1937)), 
seem to have no matrix at all. 

The attachment of a certain amount of (polymerised) nucleic acid 
is presumably necessary for spiralisation (Darlington, 1947) and, if 
we assume a compact metaphase spiral, for the shortening of the 
chromonema itself. Further accumulation, however, increases only the 
chromonema diameter and therefore (again assuming a compact spiral) 
must enlarge the thickness of the chromatid but not its length. The 
presence of a matrix does not influence the coiling, though it may, 
by its surface tension, add to the stability of a compact spiral or, 
with positive heterochromasy, draw together a prophase or resting 
Stage chromosome in an irregular way, and thus produce extreme 
over-condensation. 








g2 KLAUS PATAU 


(iii) X-segregation in the male and heterochromatic stickiness 


The X,X,O mechanism depends on joint segregation of the X’s. 
This is already secured in first metaphase by what seems to be a 
fibrous connection between the X group and one centrosome. This 
is apparently true in all spiders. The reason for the X’s never being 
connected with different centrosomes must be their close pairing 
from which no exception could be found in Aranea between pachytene 
and diakinesis. The special problem the cytologist finds himself 
confronted with by the spiders is : why do the X’s pair? Under the 
erroneous impression that the X’s were always of equal length it has 
been assumed that they pair because they are homologous, although 
the strong positive heterochromasy prevents chiasma formation. The 
following evidence will leave little doubt that their pairing is caused 
simply by heterochromatic stickiness :-— 

(1) The initial pairing can be observed during the pre-meiotic 
unravelling of the autosomes. and in early leptotene. Besides many 
nuclei with yet unpaired X’s and others with more or less complete 
pairing there are numerous nuclei in which the X’s are connected 
only at single points which apparently do not correspond to one 
another but represent chance contacts resulting from a random 
chromosome movement within the nucleus (fig. 4 b-d). If the X’s 
were brought together by an attraction one should expect them to 
be drawn together quickly once they have met. Instead of that 
their relative movement is obviously nearly arrested by the first 
contact. The slow completion of the pairing until pachytene and 
the smooth outline of the strongly heterochromatic X’s is presumably 
the result of matrix accumulation (fig. 5). 

(2) The pairing of the X’s in spiders seems always to start with the 
beginning of their positive heterochromasy. In Aranea the hetero- 
chromasy becomes clearly visible when the autosomal prochromosomes 
unravel. Then the pairing, as described above, is already on its 
way. But the heterochromasy certainly begins somewhat earlier, 
as it is difficult to ascertain whether two out of twenty-four irregular 
prochromosomes are slightly stronger stained. 

In other spiders the heterochromasy arises much earlier and in 
these cases pairing takes place much earlier too. In Mevia vittata 
(Painter, 1914) the X’s remain condensed after the last spermatogonial 
division and their fusion is accomplished during the resting stage 
before prochromosomes are formed. Revell’s observations in Tegenaria 
start with the prochromosome stage. Here again the X’s are already 
heavily heterochromatic and appear always as one round body with 
smooth outline, quite different from the shape of the X’s in Aranea 
even in leptotene. 

During the telophase of the second division the X’s become 
heterochromatic and fuse into one spherical chromocentre (plate, 
fig. 6). In about 10 per cent. of the young X-spermatids, however, the 
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X’s are still separated (fig. 6g), and this frequency does not appreciably 
diminish during the subsequent development, thus proving that very 
soon after the end of telophase the growing density of the nucleus, 
which becomes increasingly smaller, inhibits any further chromosome 
movement. 

(3) With the end of positive heterochromasy the pairing relaxes. 
In Aranea and probably in most spiders the over-condensation of the 
X’s has disappeared in metaphase and their pairing seems to be but 
a residual of the preceding close fusion (figs. 6 a and ¢, 7b ;_ plate, fig. 6, 
at X,,). In one metaphase the X’s had even completely separated 
(plate, fig. 4). 

In Tegenaria the positive heterochromasy of the X’s disappears 
much earlier and is followed by negative heterochromasy in early 
leptotene. Consequently, so we may conclude, the X’s fall apart 
long before real metaphase has been reached, though they still retain 
a sort of distant pairing (Revell’s plate, figs. 4, 5 and 13). But this 
might be due to the obstruction of sideways movement by orientated 
spindle material. The early separation of the X’s could easily 
upset their joint segregation if not a complementary mechanism, 
continuous polarisation, had been established which keeps both X’s 
to the same centrosome. In the phylogenesis of Tegenaria continuous 
polarisation was probably the supposition without which selection 
would have prevented the disappearance of positive heterochromasy 
in early diakinesis. But even so heterochromatic stickiness might still 
be important in diplotene as an additional guarantee that both X’s 
stay near the same (proximal) centrosome when the other centrosome 
starts moving around the nucleus. 

During the first metaphase the still, if less closely, paired X’s stay 
outside the spindle all the time (plate, fig. 5), which is apparently the case 
in all spiders. Whilst the distance between the X’s and the centrosome 
is always small in Aranea Reaumuri, it can be large enough in other 
species to keep the X’s (outside the spindle !) in the equatorial plane 
(Painter, 1914). It seems that both X’s are attached to separate 
fibres connecting their centromeres with the same centrosome. The 
transgression to metaphase has not been followed, but the fact that the 
X group in this stage was always seen proximate to one centrosome 
can perhaps be best accounted for by the assumption that the fibrous 
connection between the X’s and one centrosome is established when 
by random movement the X group has reached a position sufficiently 
near this centrosome. This distance might possibly be the length of 
already existing monocentric aster fibres. It is not necessary to 
assume that the chromosome-fibre system produces an active move- 
ment. By merely limiting the range of movement the X-centrosome 
connection might already guarantee the inclusion of the X’s in one 
telophase nucleus. 

In cells with two univalents (fig. 7a) these have approximately the 
same distance from the centrosome as the X group and are also lying 
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outside the spindle. The X group, though it has two centromeres, 
behaves as if it were a single univalent.. The absence of repulsion 
between these centromeres is conspicuous. 


(iv) The origin of the X,X,0-mechanism 


The cytological evidence does not give any indication of homology 
between the X’s. But this, of course, is not conclusive. Even the 
difference in length which can be seen in Aranea (plate, fig. 6, at X,,) 
and, more distinctly, in Tegenaria, does not exclude a partial homology. 

As Painter (1914) has already pointed out the X,X,O-mechanism 
in spiders must be very old. From a purely cytological viewpoint 
it might have originated from an XO-system by duplication of the X. 
Four homologous X’s in the female would not necessarily lead to 
frequent non-disjunction as strong interference, limiting the chiasma 
frequency to one per chromosome, might easily have prevented the 
formation of trivalents and quadrivalents. The chiasma frequency 
seems to be very low in all spiders. 

The assumption of a duplicated XO-system leads, however, to 
most serious difficulties in regard to sex determination. Diplogenotypic 
sex determination with heterozygous males is based on a quantitative 
relation between the valency of F-genes in the X and of M-factors 
in the autosomes and possibly in the cytoplasm. To get fertile males 
and females, both with their normal sex chromosome number 
duplicated, would require a genetical change from F and M to, say, 
F and M with the new valency proportion (M) : (F) = 2(M) : (F). 
This change might have taken place by one mutation or, much more 
likely, by gradual development of races with different sexual strength 
so that F from one race and M from another would give the doubled 
valency proportion. But in both cases I fail to see how M-autosomes 
or M-cytoplasm and 2, respectively 4 F-X’s could be combined 
without first leading to individuals with abnormal valency proportion, 
sterile intersexes or supersexes. 

The idea of duplication can be dismissed the more easily as another 
interpretation does not involve any serious difficulties. Centric 
fragmentation, as discussed by Darlington (1940), of one large X 
would not disturb sex determination if positive heterochromasy of the 
X did already exist in the prophase of the male. Then joint X- 
segregation would be secured from the very beginning. In hetero- 


3 evans would be formed in a fair 


majority of cases, thus keeping the frequency of non-disjunction low 
enough to permit an initial random spreading of the X,X,-system. 
But a certain percentage of X,XX,-trivalents would probably 
reach linear co-orientation leading to eggs with abnormal sex 
complements. Therefore, once a population homozygous for the 
X,X,-system had been established, interbreeding with populations 
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still containing the large X would be disfavoured by selection. So 
the X,X,-system may have helped to promote discontinuity within 
and finally the breaking up of the species. 

Presumably the new X,X,-system had still another more immediate 
selective advantage. In most organisms the length differences within 
the chromosome set are comparatively small. Uniformity must be 
favoured by selection, apparently because it facilitates co-ordination 
between chromosomes. If the length of the X in the ancestors of 
spiders had become excessive, as is frequently the case for instance in 
Orthoptera, fragmentation would have increased length uniformity 
which, in fact, is rather conspicuous in spiders. 

These views on the origin of the X,X,O-mechanism are strongly 
supported by the conditions in Tegenaria (Revell, 1947). T. derhamii 
and 7. domestica have an X,X,X,O-mechanism, whilst 7. aérica has 
only two X’s as have all other spiders so far investigated (15 species, 
inclusive Aranea Reaumuri, from 15 genera). No doubt, T. azrica 
represents the original type. Now in this species the X’s are consider- 
ably longer than the autosomes, and the larger X is about equal in 
length to the sum of the two smaller X’s in 7. domestica (Revell’s 
plate, fig. 6) which have approximately the same length as the auto- 
somes. Here the assumption of fragmentation is backed by direct 
evidence. Obviously an event which has happened in an ancestor of 
all present spiders has been repeated within the genus Tegenaria. 

It must be noted that in Tegenaria as apparently in all spiders the 
X’s have (sub)terminal centromeres. Therefore, two X’s of about 
equal length cannot have derived from one simply by centric frag- 
mentation. Let us assume that misdivision of the centromere was 
combined with a break near the end of the long arm to produce a 
long inversion with subsequent breakage of the resulting dicentric 
chromosome. This conclusion is more satisfying anyhow than mere 
centric fragmentation as it implies only the healing of a free chromatid 
end, an event already observed (McClintock, 1939), and not that of 
a misdivided centromere in end position which has so far proved to 
be unstable (Darlington, 1940). 

The origin of a multiple XO-mechanism is cytologically quite 
different from that of the X,X,Y-system in the sub-family Mantine 
of the Mantoidea. White (19404, 1941) has clearly shown that this 
developed from an XO-system by translocation between the X and 
one autosome. In regard to sex determination, however, both ways 
meant the same: a breaking up of one carrier of F-genes in two 
not involving any change in the quantity of these genes which retain 
their joint segregation in the male. 


8. MEASUREMENTS OF CHROMOSOME LENGTH 
The length J, of the chromosome projection was taken from 
drawings ; height-differences h were read from the fine adjustment 
scale. The methods for the calculation of the true length / are described 
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in the legend of table 2 in which the results are comprehended. A 
list of previous chromosome measurements, including some of those 
presented here, has been published by Darlington and Upcott (1939). 


TABLE 2 
Average length of single chromosomes 























No. Stage Length in microns | Text-fig. 
Meiosis in the male 
! | Barly pachytene . " : : : ‘ . 13°6 be 
3 | Late pachytene , ‘ : : : ‘ 8-7 5¢ 
4 | Early diplotene , : A ‘ : 6-3 5d 
5 | Middlediplotene . : : : ; ‘ 31 5¢ 
6 19 ap 
H Diakinesis : : : . . , 2°0 5h 
2°3 sae 
9 I: an 
10 I' sia 
11 |}I, metaphase . . : : - ; ; 20 =e 
12 2°2 6a 
13 24 dee 
14 | I. metaphase with two bivalents already in 14 
anaphase 
15 | I.anaphase . ‘ . : ‘ . ‘ 17 6¢ 
16 | Il. anaphase (bothsides). . . . . a} 16 
Meiosis in the female 
I ype ncenrd . q ; A ; ; 12°! ad 
I I, metaphase . ‘ : ; ‘ , . 13 oes 
x9 | I. em . ‘ ‘ ‘ 9 ‘ ‘ 1°2 3b 
Mitosis in the female 
20 | Nutritive cell, metaphase . ‘ . P ‘ 2:2 15 
21 | Oédgonial metaphase . 12 1¢ 




















Notes on table 2 


In nos. g-16 and 18-21 the true length / was either equalled to the length J, of the 
projection or calculated from /, and the height difference h, if the chromosome was not lying 
sufficiently parallel to the plane of projection. In nos, 1-8 and 17 the chromosomes showed 


no strong preferential orientation and the formula 1 = 4/, (Patau, 19376) could be used. 
7 
In no. 1 the axis of polarisation formed nearly a right angle with the optical axis while in 


no. 2 both were approximately parallel. Therefore /, as obtained by the formula, must 
be too large in no. 1 and too small in no. 2. From geometrical reasons the weighted mean 


O- 14°3+18'5 13°6 has to be taken as best estimation of the true value. In no. 15 those 
chromosomes were selected which were practically parallel to the plane of projection. 
In the other nuclei all chromosomes were measured, either inclusive (nos. 17-21) or without 


the X’s. Since the length of each X cannot be very different from the average length of 
the autosomes, the error thus introduced must be quite small. 


In Aranea the following points are of interest :-— 

(1) During pachytene a considerable shortening takes place. 

(2) The original pachytene length in male and female is about the 
same. By comparison with a high number of other nuclei, nos. | 
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and 2 (table 3) could be identified as early pachytene but this cannot 
be said in regard to the female nucleus no. 17. Therefore the fact 
that the chromosomes in this nucleus appear to be shorter than in the 
early pachytene of the male does not prove a difference in the intial 
pachytene length between male and female. So the value 13-6 
from nos, 1 and 2 can be regarded as the best available approximation 
to the original chromonema length. Table 3 has been based on it. 


TABLE 3 


Shortening factor relative to chromonema length 13-6 
as measured in pachytene of male 


Normal mitotic metaphase : nutritive cell in nes spptetantaty 
also in spermatogonial division . 


Oégonial metaphase . ; : ‘ : . : II 
I. meiotic metaphase in 9 ‘ , ‘ : ; ; 10 
I. meiotic metaphase in ¢ ; : ‘ , ‘ . 6-10 


Note—The spiralisation coefficient (factor of maximum contraction in meiosis, 
Darlington and Upcott, 1939) is about 10 in both sexes. 


(3) Two types of mitotic chromosomes were observed (table 3). 
Those in oégonial metaphase had only half the length of that found 
in the divisions of nutritive cells in the female. The chromosomes of 
the last spermatogonial division were not measured but the comparison 
of the figs. 15 and 4a shows clearly enough that they have practically 
the same length as the nutritive cell chromosomes of the female. 

(4) The chromosomes of the first meiotic division in the egg are 
as short as those of the odgonial mitosis. 

(5) In the first meiotic metaphase of the male the chromosomes 
of the same cyst have the same length but the variation between cysts 
covers nearly the whole range between long and short mitotic chromo- 
somes. Great differences in chromosome length occur even between 
cysts which are not very far apart in the testis (plate, fig. 6 at s and /). 
This variation is already visible in diakinesis and cannot be due to 
shortening during metaphase. It must be caused by intercystic 
variation of conditions determining spiralisation which probably 
depend on the location of the cysts within the testis. No conspicuous 
length variation was found in the eggs. But these have an environment 
of their own, strongly protected against external influences by the 
egg membrane. 

In regard to spiralisation the following conclusions can be drawn. 
The length of metaphase chromosomes is at least six times that of 
pachytene chromosomes and can therefore not be accounted for by 
a mere compact spiral of a cylindrical chromonema unless we assume 
a shortening of the chromonema itself by a factor of about 2-2. The 
length decrease during pachytene may be caused by this shortening 
and does therefore not prove that the external coiling of the chromo- 
nema has already started. The considerable difference between the 
two types of mitotic chromosomes (fig. 1 6 and c) strongly suggests 
that the odgonial, like the short meiotic chromosomes, have a double 
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system of coiling. An indication of major coils can be seen in the 
dicentric chromosome of fig. 7d. 

The length variation in diakinesis and in the first metaphase of 
the male must be due to varying degrees of spiralisation, but it would 
be rash to assume that the bivalents of the longest type have only 
minor coils. In Tradescantia, as will be shown elsewhere, the thread 
of the major coil in first metaphase is much longer than the mitotic 
metaphase chromosome with its single spiral. With a lower but still 
noticeable degree of coiling in the major spiral the meiotic chromatid 
could attain the length of a singly-coiled chromatid. That may be the 
case in Aranea. It seems the more probable as it would explain the 
length variability. A double spiral ought to be less stable than a 
single spiral. 

SUMMARY 


The diploid number of autosomes is 22. The male has two X’s 
which pass always to the same pole in the first division. The female 
has four X’s which cannot be distinguished from the autosomes and 
which form bivalents as these do. 

Heterochromasy is displayed only by the X’s and only in spermato- 
genesis and in X,X,-spermatids. 

The joint X-segregation at meiosis is caused by heterochromatic 
stickiness which keeps the X’s together until, with the beginning of 
metaphase, they are connected with one centrosome. 

It must be assumed that, within the strongly condensed X’s of the 
meiotic prophase in the male, the same coiling process takes place 
as in the stretched autosomes. 

A nucleic-acid-containing fluid, different from the nucleic acid 
attached to the chromonema, would account for the smooth outline of 
chromosomes from late prophase to anaphase, for the heterochromatic 
over-condensation in prophase and resting nuclei, and for the hetero- 
chromatic stickiness. This matrix would not influence spiralisation. 

A new argument in favour of a compact spiral structure in 
metaphase is advanced from the constancy of length with varying 
nucleic acid charge. 

The chromosome length at different stages was measured and 
interpreted in terms of spiral structure. The initial pachytene length 
in male and female is not very different if at all. 

It is highly probable that the two X’s in spiders have never been 
homologous but have arisen from one large X by fragmentation caused 
directiy or indirectly by misdivision of the centromere. This event 
has been repeated within the genus Tegenaria, thus leading to species 
with three X’s. 
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l. INTRODUCTION 


BANANAS can be divided into two groups according to the ways in 
which their fruit develop. In the one group—which contains all 
edible bananas—vegetative parthenocarpy occurs; that is, an un- 
pollinated ovary automatically grows into a fruit, of which the loculi 
are filled with edible pulp. In the following account, plants with this 
behaviour are called “ parthenocarpic”’ or, alternatively, “ edible.” 
The majority of parthenocarpic (edible) bananas do not contain seed 
even after pollination, while the few exceptions set far fewer seed than 
wild species. 

In the other group—which contains all the wild species—a flower 
must be effectively pollinated to form a fruit. And, of course, in this 
case, the fruit is filled with seed. Plants with this behaviour are called 
“ non-parthenocarpic ” or, alternatively, “seeded.” If the flower 
is unpollinated, the ovary may persist for a month or two but, after 
the ovules have disintegrated, it is merely an empty chamber that 
eventually shrivels. 

Fertility, male and female, has been compared in five edible 
diploid bananas by Dodds (1943). All were highly female-sterile and 
only one (Accession No. I.R. 143) produced viable pollen plentifully. 
This last, namely Pisang Lilan, was cytologically the least complex 
and appeared to be heterozygous for a single interchange and possibly 
an inversion. It has now been crossed with three of its relatives, seeded 
types of Musa acuminata Colla, and the cytogenetics of the hybrids are 
described in this paper. The data are used to advance the analysis 
of the two factors of major importance in the genetic system of the 
banana complex—sterility and parthenocarpy. 


2. MATERIAL AND METHODS 


The series of hybrids between clones of M. acuminata * were as 
on page 102. 

In studying the cytology of the hybrids, considerable technical 
difficulty was encountered. Fixation of smears in Craf, Navashin, 

* Descriptions of these clones, with accession numbers from the Introductions Register 
of Musa Material of this Institution are given by Cheesman (1947). Type and accession 
numbers were used in earlier publications of the authors pending Dr Cheesman’s taxonomic 
revision of the genus. 
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Langlet and 2BE, followed by crystal violet-iodine staining, gave 
irregular results which were a characteristic artefact peculiar to the 
material. The same techniques gave very satisfactory results in the 





Female (seeded) | Accession no. Male (edible) Accession no. | Hybrid families 

















Clone Selangor IR. 53 Clone Pisang Lilan IR. 143 206, th} to (10) 
» Calcutta 4 IR, 124 ” ” » ” 265, 1) to (26) 
» LongTavoy| J.R. 187B en ad Z aa 426A, (1) to (7) 
»» Selangor Mas », Calcutta 4 9 1 plant 








parents. Moreover, the uncertainty of the result was greater in the 
wider cross ; for example, whereas most numbers of 206 gave fair or 
good results with chromacetic fixation, few did so in 265. Similar 
difficulty in fixing hybrid material has been noted by other workers. 

The technique finally adopted was pre-fixation in 1 : 3 acetic- 
alcohol followed by staining in carmine. 


3. GENETICAL RESULTS : PARTHENOCARPY 


The behaviour of unpollinated flowers of the parental clones 
followed three developmental sequences :— 

(1) Parthenocarpic: in Pisang Lilan, the ovaries swell and become 
filled with edible pulp to give mature parthenocarpic fruits in about 
three months. 

(2) Persistent: in Calcutta 4 and Long Tavoy, they swell slightly, 
persist for two or three months although the ovules degenerate, and 
finally rot. 

(3) Shrivelling : in Selangor, they shrivel within a month. 

The products of unpollinated flowers of the hybrids showed every 
family as segregated into the three classes. However, shrivellers (of 
which there were few), varied widely between themselves in the time 
at which rotting began. They could not always be certainly distin- 
guished from persistents and so the two classes were combined as 
** non-parthenocarpic ” for the analysis of the genetic data. 

The amount, distribution and time of development of edible pulp 
in parthenocarpic fruits varied from some in which small nodules of 
edible pulp were formed late in development to others rapidly filled 
with edible pulp (cf Dodds, 1943, 1945, on plant 1590 ; and Dodds 
and Simmonds, 1946, on S.H. 62). Nevertheless, according to the 
sole criterion of the development of edible pulp, the distinction between 
parthenocarpic and non-parthenocarpic was distinct enough. 

The results are presented in table 1. The x? test shows that 206 
and 265 agree with a hypothetical 1 : 1 ratio but that 426A does not, 
giving instead a ratio of about 10 non-parthenocarpic plants :1 
parthenocarpic plant. Selfing and crossing of seeded types of MM. 
acuminata give no parthenocarpic progeny (Cheesman, personal 
communication). In 206 and 265, parthenocarpy may therefore be 
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ascribed to the action of a single dominant gene, herein denoted P, 
for which all the parthenocarpic siblings are heterozygous like their 
male parent Pisang Lilan. In addition there must be a number of 











TABLE 1 
Segregation for parthenocarpy 
Family Parthenocarpic Not parthenocarpic Total | x? (1:1) P 
206 5 5 10 
265 19 22 4! 
24 27 51 0-18 0°70 
426A 3 29 32 21-2 0°02 


























modifiers that influence the amount of parthenocarpic development. 
In 426A, the genetical situation is more complex owing, presumably, 
to an initial genetic difference between Long Tavoy and the other 
two seeded clones. 

Parthenocarpic development does not invariably go with complete 
female sterility. For example, pollinated fruits of 206 (1), 206 (7) 
and 206 (9) contained about 1-10 good seeds per ovary. Development 
of seed was conditional upon the chance of pollination. Parthenocarpic 
and seedless fruits of 206 (1) were only about two-thirds of the volume 
of its parthenocarpic fruits with seed from pollinated flowers. 
Pollinated and unpollinated flowers of 206 (7) and 206 (9), on the 
other hand, gave fruits of the same size but the pollinated fruits 
had fewer seeds than those of 206 (1). These plants therefore promise 
to provide a useful approach to the analysis of fruit development. 


4. FERTILITIES 
(i) Seed yields of the parents 


Available data on seed yields of the parents when selfed, cross- 
pollinated between themselves, and with pollen of some of their 
hybrids are summarised in table 2. Each ovary contained about 
130 ovules and so “ Good seeds per ovary” is taken as a direct index 
of female fertility. 

It will be seen that (1) selfing and intercrossing of Selangor, 
Calcutta 4, Long Tavoy and Pisang Lilan gave comparable and 
relatively high yields of seed and (2) the hybrids 265, 206 (9) and 206 
(10) were effective male parents. 


(ii) Seed yields of the hybrids 


Table 3 summarises available data on the female fertilities of the 
hybrids, with parthenocarpic and non-parthenocarpic siblings 
segregated. As already noted, parthenocarpy does not necessarily 
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TABLE 2 
Female fertilities of the maternal parents and Selangor x Calcutta 4 


In each group of three entries, the upper figure is the number of ovaries, the middle 
(italics) and lower (bold-face) figures are the numbers of good and bad seeds per ovary. 
All plants have about 130 ovules per ovary. 











Male parent 
Female 
parent . ‘ 
Selangor | Calcutta 4 Toe, ros ce, 265, | 206 (9) | 206 (10) 
136 48 36 31 28 
Selangor 50°0 he 584 | §50°5 ‘i wee 16" 345 
3°7 oo o'”7 13 06 
11g 85 128 45 138 44 40 
Calcutta 4t|  30°0 76°9 86:2 4o'2 aa 39°38 | 42°5 983 
28:9 214 17 | 36:0 16-r| 41°9 36°7 
112 43 
Long a ead 46°8 44°7 
Tavoy I'5 18 
Selangor tf 99 178 87 
x 24°0 27°4 mf ee 35'4 
Calcutta 4 



































* Female sterile (Dodds 1943, 1945). 
t+ Calcutta 4x 265: average of pollinations by 15 different members of 265. 
¢ Data from Dodds and Pittendrigh, 1945 ; no record of bad seeds. 


TABLE 3 
Summary of seed yields in backcrosses of the hybrid families 


After dash, numbers of siblings ; the numbers of seeds per ovary in the classes with 
non-parthenocarpic fruits are given in bold type. 

















Backcross Good seeds per ovary 
Numbers Bad 
of seeds 
ovaries Range of means 

Female Male Mean hditeeie ike 
206—5 Selangor 98 18 0'0—5'2 1*4 
206—5 168 17°” 12°3—31'2 38 
206—5 Pisang 136 15 0:0—3'0 I'l 
206—5 Lilan 186 14'2 12°6—2r'1 43 
265—16 | Calcutta 4 426 03 0:0—2°8 Iv! 
265—13 664 o'5 o-0—2'6 . 
265—16 | Pisang 428 ovr o-o—1°8 o'7 
265—13 | Lilan 602 o-2 0-0—I'2 12 
426A—2| Long 73 o'r 0'0—0'3 09 
426A—8| Tavoy 326 14 o-0—8:0 64 
426A—2| Pisang 89 00 0:0—0'0 1:0 
426A—8 | Lilan 336 0-3 o-0—1'6 40 
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go with complete female sterility, but parthenocarpic types consistently 
gave lower seed yields than non-parthenocarpic. A comparison of 
tables 2 and 3 shows that non-parthenocarpic members of 206 gave 
markedly lower seed yields than the seeded parent, Selangor. Non- 
parthenocarpic members of 265 and 426A were even less fertile. 

Table 2 also includes data on the selfing and backcrossing of the 
F, plant of Selangor x Calcutta 4. It was appreciably less fertile 
than either parent and this can now be correlated, as described below, 
with cytological differences between the two clones. 


(ili) Male fertilities 


The usual procedure of assessing male fertility by counting “ good ” 
and “bad” pollen grains cannot be used in Musa because it is 
impossible to estimate their relative numbers from the broken relics 
to which inviable grains give rise in the mature anther. To overcome 
this difficulty Dodds (1943) counted the numbers of pollen mother 
cells and pollen grains in whole anthers. The method is so laborious 
that all these clones are assumed to have about 2200 pollen mother 
cells per anther as found in Selangor and Pisang Lilan, and only a 
few pollen grain counts have been made, as follows :— 























. Pollen grains | Fertilit 
Material per a en per pon Remarks 
Selangor : : 9,300 100 Dodds (1943) 
Long Tavoy . : 12,300 100 Eotimated free part of a single anther 
Pisang Lilan . : 4,000 +50 Dodds (1943) 
Selangor x Calcutta 4 3,500 +40 From two thece, 1850 and 1600 
206. ‘ . 5,300 +60 From mean of 4 thece from 4 
different plants. Range 1200-3600 
265. ‘ ‘ 1,900 +20 From mean of 5 thece from 5 
different plants. Range 450-1450 





No actual counts were made of 426A, but its members seemed 
about as male-sterile as 265. 


5. CYTOLOGICAL RESULTS 
(i) The parents 


Eleven bivalents were present in all the observed metaphases of 
Calcutta 4 and Selangor, but one out of 20 cells of Long Tavoy con- 
tained ten bivalents and two univalents. Disjunction was regular 
in the vast majority of cells. In Selangor, however, 1 cell in 52 
showed two lagging univalents and in Calcutta 4 anaphase bridges 
were seen ; they were rare and without visible fragments. Minor 
structural heterozygosity is not unexpected in a highly outbred group. 
They produce abundant good pollen and may be regarded as fully 
male fertile. 
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Metaphase behaviour in Pisang Lilan has been shown previously 
to be compatible with heterozygosity for a single interchange (Dodds, 
1943 ; Dodds and Simmonds, 1946 and table 4). However, the 
potential ring of four chromosomes did not occur in the 103 cells 
that were examined. Anaphase bridges occurred in about one- 
quarter of the cells but no fragments were associated with them 
(table 6). In the many preparations examined, one small group of 
polyploid cells was seen, resulting from the type of restitution described 
by Dodds and Simmonds (1946). 


TABLE 4 
Structural complexities of parents and hybrids: as minimal estimates 


Numbers of siblings are given for the hybrids ; bold-face type signifies that the siblings 
are deducible as potential ring of four plus ring of six types (see text). 





Potential rings 





ve) (4) 2. (4) (6) (4) + (6) 





Plant material 
Critical observed configurations 





III+o91I+1 III+61I+1 or 
rT | or TVtolt | IV +II+71+1 | alll+811 V+ alll! 





Selangor 
Calcutta 4 . 
Long Tavoy 
Pisang Lilan : x 
Selangor x Cal- I 
cutta 4 


xx X 


206 . ; 
265 s 4 Ir 15 
426A ‘ 


























(ii) The hybrids 


Selangor x Calcutta 4. First metaphases in this F, hybrid were 
somewhat mistimed and correspondingly difficult to analyse, but there 
was clear evidence that it is heterozygous for a minimum of two 
independent interchanges (table 4). Univalents occurred in about 
15 per cent. of the cells. Anaphase bridges were not seen but 
15 per cent. of the cells showed numerical non-disjunction (table 6). 

206. Several members of 206 showed delayed spiralisation during 
prophase, clumping and misorientation during metaphase, and 
irregular spindles at anaphase. 

With the exception of 206 (9g), the first division of meiosis was 
similar to that of Pisang Lilan, the paternal parent. 206 (1) and 
206 (5) had comparatively high frequencies of associations of four. 
Most were chains, but in 206 (1), one appeared to be a ring and 
another a chain of two attached at one end to a ring of two by a 
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common chiasma. Most of the associations of three were chains as 
in Pisang Lilan, but two other forms, “cross” and “ frying-pan,” 
occurred very rarely. These configurations imply crossing over in 
an interstitial segment or reduplicated segments of the pairing arms 
(Darlington and Gairdner, 1937 ; Stebbins and Ellerton, 1939). 


TABLE 5 
Summary of metaphase data for Pisang Lilan, its hybrids and Selangor x Calcutta 4 
Number of plants in bold-face type 























Frequencies per nucleus of 
Plant or cross Interchanges Total cells 

I II | WI|Iv; v 
Pisang Lilan I 103 0°75 | 10°08 | 0°34 | 0-01 
206—9 . 5 I 320 0°74 | 20°00 | 0°34 | 0°05 
206 (9)—xz : . ° 141 one” SRO oat “ei 
Selangor x Calcutta 4 . 2 57 0°83 | 9°67) 0:44] 0°16] ... 
265—26 . a ‘ 3 338 0°73 | 8-44 | 1°34 | 0°07 | 0-00 
426A—¥7 . 3 (?) 71 1°25| 7°48] 1°78 | o-10| o-or 
































The effective structural homozygosity of 206 (9), (tables 4 and 5), 
combined with parthenocarpy and diploidy is conclusive proof of the 
independence of parthenocarpy, structural hybridity and polyploidy 
in the banana complex (Dodds, 1943). Evidently Pisang Lilan 
produces two kinds of gametes, one with a genome essentially identical 
with a genome of Selangor and the other differing from it by one 


interchange. 
TABLE 6 


Summary of first anaphase data for Pisang Lilan, its hybrids and 
Selangor X Calcutta 4 
Numbers of siblings in bold-face type 














Means per 
Anaphases nucleus of 
Plant or family 
: : Univ.(s) 
Univ.(s) | Bridge(s) ; , 
Regular and Totals | Univs. | Bridges 
only only bridge(s) 

Pisang Lilan . 97 52 44 3 196 0°30 0°24 
2 y OS 234 III 74 427 | 0°29 0°19 
206 (9)—r . 158 I I 0 160 o-or o-ol 
265—26. . 795 285 107 21 1208 0°25 Orrr 
426A—7 , 205 63 42 II 32 0°27 0°17 

Selangor x Cal- 59 10 te) ° 69 O15 0°00 
cutta 4 





























265 and 426A. Every plant proved to be heterozygous for inter- 
change but the absence of closed associations makes an exact 
definition of the sizes of the potential rings impossible. The highest 
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association actually seen was a chain of five chromosomes in a cell of 
265 (18). Of the 26 siblings of 265, 15 appeared to be heterozygous 
for three interchanges of which two affected one pair of chromosomes. 
At a minimal estimate, these plants could presumably form two 
rings—of six and four chromosomes (table 4). In the remaining 
11 plants, metaphase data merely indicated a potential ring of six 
(table 4). 

Selangor and Pisang Lilan differ by a single interchange which is 
heterozygous in the latter and the two interchanges in Selangor x 
Calcutta 4 are independent, maximal association being two separate 
rings of four. Clearly, therefore, in the hybrids of Calcutta 4 x Pisang 
Lilan, one of the interchanges concerned in the potential ring of six 
must be derived from Pisang Lilan. In other words, all the siblings 
of 265 must have the interchange for which Pisang Lilan is hetero- 
zygous. And they will also have the two interchanges representing 
homozygous segmental differences between Selangor and Calcutta 4. 
It is concluded therefore that every member of 265 was heterozygous 
for three interchanges and that the interchange gamete from Pisang 
Lilan functioned in each case. 

426A may have the same constitution as 265. Direct proof of the 
segmental identity of Calcutta 4 and Long Tavoy is not yet available 
but the data on seed yields given in table 2 and an examination of 
phenotypes suggest a close relationship, closer for instance than that 
subsisting between Calcutta 4 and Selangor. It will be noted that 
pollen from Long Tavoy gave a higher yield of seed per ovary with 
Calcutta 4 than did pollen from Calcutta 4 itself. 

In these hybrids, associations of three chromosomes were usually 
convergently oriented chains. About 7 per cent. were armed 
structures with multiple chiasmata so that chiasmata in interstitial 
and differential segments were evidently more frequent than in 
Pisang Lilan and 206. Chains of four were both convergent and 
linear. 

At anaphase, some cells of every plant showed lagging univalents. 
Bridges were generally less common than in Pisang Lilan and 206 
and, indeed, no bridges at all were observed in 265 (4). 


(iv) Mistiming of the first division 


In the seeded diploids, there is a short but definite diakinesis 
with. the nucleolus free and greatly reduced in size and the eleven 
bivalents distributed throughout the nucleus. The nuclear membrane 
disappears and the bivalents, after being rather clumped at pro- 
metaphase, are oriented on the plate. 

In all the hybrids of families 265 and 426A, the sequence of events 
during the first division was variably abnormal. In the more extreme 
cases of mistiming, diakinesis was not observed. When the nuclear 
membrane disappeared a tangled mass of partly condensed chromo- 
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somes lay free in the cytoplasm, sometimes associated with a nucleolar 
remnant. Loops of chromatin sometimes emerged from this knot and 
occasionally there were metaphase-like chromosomes lying free but 
close to it. More rarely the partly condensed chromosomes lay in 
a single group but relatively free from one another. Spindles were 
sometimes associated with the knot. Spiralisation was incomplete 
at the time orientation began and was continued on the semblance 
of a metaphase plate (fig. 1). Most metaphases were compact with 


ra = A u 
4 i i 
\ 


Fic. 1.—Stages in the development of a mistimed metaphase. 3300. 


the chromosomes closely crowded and misoriented and the degree of 
condensation of the various associations was extremely variable. Some 
metaphases showed partial non-congression (fig. 2). 


oo 
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Fic. 2.—Metaphases showing misorientation. x 3300. 


The spindles associated with these metaphases were often morpho- 
logically abnormal, with the irregularities varying both in type and 
in intensity. For example, strie were not parallel and seemed to 
cross one another ; or poles were incompact and in extreme cases 
gave divergent spindles. Even with compact poles, the spindles were 
sometimes asymmetric or curved. Not infrequently they appeared 
to be markedly broader than the metaphase plate ; and, occasionally, 
within one cell, separate groups of chromosomes were associated with 
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distinct spindles. Similar abnormalities have been described and 
illustrated in other hybrids of Musa by Dodds and Simmonds (1946). 

As a result of these misbehaviours, early anaphases appeared 
disorderly, but two polar groups of daughter bivalents were success- 
fully formed. Very occasionally anaphase failed after the initial 
separation of daughter bivalents had occurred, with the result that 
they were scattered in the cell; three examples of this were seen 
in 265. 

Errors of spiralisation were less marked or absent in some members 
of 265 and 426A but nevertheless orientation and co-ordination of 
movement were irregular. Likewise, 206 showed only traces of 
mistiming. 

Congression, orientation and movement were normal in all the 
second divisions that were examined. 


6. ANALYSIS OF STRUCTURAL HYBRIDITY 
(i) Interchange 


As work on Musa progresses, the importance of interchange in the 
differentiation of the acuminata complex becomes more evident, and 
therefore the assignment of structural formule to the plants used in 
this study is worthwhile. 

After Darlington and Gairdner (1937), Selangor may be taken 
as the basic homozygote and its segmental structure represented thus :— 


AB CD EF GH KL MN ab 
AB CD EF GH KL MN : 


Pisang Lilan and 206, except plant (9) would then be 
. EF GH KL MN 
\spe% “pA! EF GH KL MN °&* 
Calcutta 4, an interchange homozygote may be represented as 
FB CD AE LG HK MN anal 
FB CD AE LG HK MN ‘ 
Whence Selangor x Calcutta 4 is 


a _ BA MN 


_ GH KL 
i gg 2 NuK7 Nie? mn 
And 265, 

FB CD AE _LG HK MN , 

\so% \pa*% er! \cGH%. KL? MN® 


426A may be similar to 265. 
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(ii) Sterility and interchange 


The fertility of an interchange heterozygote is conditional upon the 
behaviour of the altered chromosomes (Koller, 1944; Thompson 
and Hutcheson, 1942; Darlington and Gairdner, 1937). Full 
gametic fertility can only be attained when first, there are full multiple 
associations of disjunctional rings or chains and secondly, chiasmata 
are limited to the terminal segments.* Varying degrees of gametic 
sterility arise when these two conditions are not satisfied. In these 
interchange hybrids of Musa, the first condition is not satisfied, and the 
fact that the associations of three, four and five chromosomes were very 
commonly convergently co-oriented suggests that their fertility is 
limited by chromosome association rather than by the mechanics of 
orientation. The second condition has been inferred from various 
organisms wherein chiasma formation in interstitial and differential 
segments is responsible for sterility, e.g. Pisum, Zea and Datura. Con- 
figurations indicating such crossing over have been infrequent in the 
present material. In the following calculations, therefore, it is 
assumed that all multiple associations have regular convergent 
orientation, that chiasmata in interstitial and differential segments 
are of negligible frequency, that all the observed sterility arises from 
failure of association in terminal segments and that al] univalents 
result from this failure of association. 

Before attempting to correlate data on the fertility and cytology 
of the hybrids, the behaviour of univalents must be considered. 

The behaviour of univalents. A comparison of tables 5 and 6 shows 
that in every hybrid there is a marked reduction in the frequency of 
identifiable univalents between metaphase and anaphase. A series 
of x} tests of 2x2 contingency tables comparing the frequencies of 
cells with and without identifiable univalents at metaphase and 
anaphase, gives the following results :— 


Plant material xe 
Pisang Lilan . ‘ ‘ ‘ ? ; - 196 
206—Cl i : : , : ; - 448 
Selangor x Calcutta 4 . . . , . S99 
265 : : _ ; ‘ : ; - 1040 
426A . . : . : ‘ : ‘ "7 


They are all highly significant at the 0-001 level: there is good 
evidence, therefore, that not all metaphase univalents remain to lag 
at anaphase. Some are passively carried to the poles in the separating 
anaphase groups. This carriage is assumed to be at random and the 
further assumption is made that lagging univalents divide at the 
first division and their daughter chromosomes are included at random 
in the nuclei at second telophase. 

The calculation of gametic fertilities. Sixty per cent. of metaphase 
univalents of Pisang Lilan were included randomly in the polar groups 


* The usage of terminal, interstitial and differential segment follows that of Darlington (1936). 
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at telophase. Then, with the assumptions stated above, a calculation 
of its gametic fertility may be made after the manner of Koller (1944). 











Configuration Per cent. cells bid = hn Per cent. fertility 
rII 44°6 50 any 
mI, aI 7 te 25 4° 
oll, 11V 19 100 Ig 
oll, rIIT, 11 34°0 50 17°0 
gIl, 41 1'0 see see 
45°8 




















Similar methods applied to some of the other hybrids give the 
following gametic fertilities :— 


Selangor x Calcutta4 . A : ‘ pot per cent. 
206 . ‘ : ‘ ‘ : - 47° 99 
265 . . ; ; 7 ‘ . 39°9 2 


These values are all lower than observed ones (§ 4), and the reasons 
for the discrepancies may be (1) that convergent chains of four were 
sometimes misinterpreted as two bivalents and (2) that, and probably 
more important, some morphologically sound grains were chromosom- 
ally unbalanced ; this is supported by the evident variability in size 
(Dodds, 1943; table 4). It appears, therefore, from the calculations 
that the hybrids can hardly be heterozygous for more numerous 
interchanges than those postulated. 


(iii) The deficiency of homozygotes 


The segregation of 9 interchange heterozygotes to 1 homozygote 
in family 206 deviates significantly from an expected 1:1 ratio. 
Similarly the interchange gamete from Pisang Lilan had functioned 
in every member of family 265. Three possible explanations of the 
deficiency of homozygotes in the progeny of Pisang Lilan may be 
suggested. (1) Elimination may be gametic—the “ normal ” chromo- 
somes may carry a pollen lethal which is lost occasionally by crossing 
over to give a homozygote such as 206 (9). (2) Elimination may occur 
in the young zygotic stage by means of a system of complementary 
lethals. Although this may be expected to be reflected by seed yield 
data, there is no evident difference in seed yield between the seeded 
diploids self-pollinated and pollinated by Pisang Lilan (table 2). 
These data, however, are derived from different bunches pollinated at 
different times and too much weight may not be placed upon the 
comparison. The situation is ideally adapted to analysis by a new 
statistical method of assessing pollen effects on seed yield (unpublished) 
and is being approached thus. (3) Elimination may occur at 
germination or in the young seedling stage. Again, too many variables 
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are concerned in germination to justify the collation of ordinary 
greenhouse records. Statistical tests of germination will have to be 
conducted concomitantly with the comparisons of seed yield mentioned 
above. 


7. STERILITY AND THE GENETIC BACKGROUND 


The virtually complete female sterility associated with partheno- 
carpy has been established by Dodds (1943). It was also shown 
(Dodds, 1945) that failure to achieve 100 per cent. set of ovules in 
Selangor resulted not from any cytological cause, but from a geno- 
typically controlled failure of fertilisation, so that only about 50 of the 
130 ovules in a receptive finger developed into seeds. Calcutta 4 
sets about 80 seeds per ovary. In plant 1590, with persistent fruits 
(an earlier product of the same cross that gave 265), the situation was 
complicated by structural hybridity. However, some sound and 
presumably balanced embryo-sacs occurred and were fertilised, but the 
seeds died at various stages towards maturity. Female sterility was 
complete. 

Does “ persistency” affect female fertility? To answer this 
question the mean seed yields of the non-parthenocarpic plants of 206, 
265 and Selangor x Calcutta 4 (table 3) are compared in table 7 


TABLE 7 
Female fertilities for non-parthenocarpic hybrids 


Numbers of siblings in bold-face type. Mean numbers of seeds per ovary observed in 
206 and 265, derived from backcrosses ; in Selangor x Calcutta 4, from backcrosses and 
selfs. The female fertility, brackets, of the sterile male parent Pisang Lilan is assumed 
to be potentially the same as that of Selangor. 





Mean numbers of seeds per ovary 

















Observed 
: per cent. : , 
Hybrid gametic Observed in parents of hybrid 
fertility | Obs. Calc. 

Female Male 
206—5 3 ‘ 60 15'9 30 te) (50) 
265—13««. ‘ F 20 0-4 | 16or10 Bo (50) 
Selangor x Calcutta 4 . 40 28-4 | 200r 32 50 80 

















with their expected yields estimated from the observed gametic 
fertilities of these hybrids and the seed yields of the seeded parents 
(table 2). Using either the observed seed yield of Selangor or that 
of Calcutta 4, alternative estimates can be made of the expected seed 
yields of 265 and Selangor x Calcutta 4. Both estimates for each are 
given in table 8 as a necessary compromise in the absence of a value 
for the seed yield of a hybrid between Selangor and Calcutta 4 that 
is not heterozygous for two interchanges. 

H 
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The comparisons show that the seed yield of Selangor x Calcutta 4 
agrees with, or even exceeds expectation, whereas those of the 
persistent fruits of 206 and 265 are lower than would be expected. 
In these two hybrid families, therefore, a reduced seed yield is associated 
with the genetic background of the homozygous recessive pp, and this 
suggests that some, at least, of the modifiers of parthenocarpy diminish 
female fertility. 


8. DISCUSSION 
(i) Parthenocarpy 


Different rates of development and amounts of edible pulp were 
observed in siblings of 206 and 265. Thus the expression of P, the 
gene controlling the formation of edible pulp, may be considerably 
modified. Again, the production within the same family of partially 
fertile parthenocarpic plants and partially sterile non-parthenocarpic 
plants shows that there are genes that directly affect female fertility 
either in the presence or absence of P. Thus the possibility appears 
that a completely sterile edible fruit should be considered as resulting 
from two separate but interdependent genetic systems ; one concerned 
with the production of edible pulp ; the other with the imposition of 
female sterility. The only offspring raised from edible diploids other 
than Pisang Lilan are two plants of the parentages Palembang 
(“‘ type 21”) x Calcutta 4 and Palembang x Selangor (Dodds, 1943) ; 
the former is fully parthenocarpic and virtually sterile, the latter 
parthenocarpic but, like 206 (1), partially female-fertile. Thus in 
Palembang also, parthenocarpy results from the action of a dominant 
gene and the F, shows a breakdown of the genetic structure. 

The conclusion may be drawn that the established edible diploids 
are highly selected genetic structures and had sexual ancestors 
that were functional as female parents until seed-sterility became 
established. 

Stout (1937) has shown that stenospermocarpy in grapes is 
apparently inherited as a dominant, and that some commercial 
types are heterozygous. Stenospermocarpy is the term used for the 
formation of fruit with aborted seeds after fertilisation or, at least, 
entrance of pollen tubes into ovules. 


(ii) Interchange 


Interchange hybridity was shown to occur in established edible 
diploids by Dodds (1943), and in this study it is shown also to occur 
in the hybrid progeny of the only known male-fertile edible diploid, 
Pisang Lilan, and in a hybrid between two distinct seeded diploids. 
Heterozygotes show failure of chromosome pairing with’ associated 
partial sterility. 

It will be recalled that, with the exception of one plant, all progeny 
from crosses using Pisang Lilan as male parent with seeded diploids, 
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were heterozygous for its interchange, and from this the regular 
elimination of interchange homozygotes was inferred. But if a casual 
interchange was fixed before the incidence of parthenocarpy, its 
selective advantage would presumably have to be great; for inter- 
change has been shown to cause much gametic sterility. However, 
vegetative persistence might compensate for this, especially in a 
plant with a large margin of reproductive safety (Darlington, 1929 ; 
Darlington and Gairdner, 1937). Alternatively, the interchange may 
have occurred after the incidence of parthenocarpy but before the 
loss of sexuality. Primitive agriculturists would select parthenocarpic 
types having the fewest seeds and so a casual interchange would be 
automatically selected in the heterozygous condition on account of, 
rather than in spite of, the sterility it caused. 

A different type of interchange hybridity was observed in Selangor 
x Calcutta 4. The parents of this hybrid could not cross in their 
natural habitats, i.e. Calcutta 4 from Burma and Selangor from 
Malaya, and they are regarded as being representative of two sub- 
specific groups of M. acuminata. It appears, therefore, that inter- 
change has accompanied evolutionary divergence much as in Datura 
(Blakeslee, 1929 ; Bergner et al., 1933; Blakeslee et al., 1937). It 
may be inferred similarly from the work of Peto (1934) that his 
material of Lolium perenne and its variety multiflorum were homozygotes 
differing in segmental structure, although the consequences of 
hybridity were seen in the F, only as a reduction of gametic fertility 
(cf. Stebbins, 1945). 

Some of the edible diploids in cultivation combine characters of 
these two groups of M. acuminata, and also show interchange behaviours 
similar to those observed in Selangor x Calcutta 4 and 265. Thus the 
metaphase associations recorded for Bande (“‘ type 22”) and Sucrier 
(“type 19”) indicate heterozygosity for two and for three inter- 
changes. By analogy with 265, it may be suggested that these two 
clones are parthenocarpic products of a hybrid swarm between the 
two “races” of M. acuminata. They might be expected to be about 
as fertile as 265. Their effective sterility must be attributed to the 
accumulation of unselected hybridity by minor structural changes in 
the course of clonal existence. This, of course, would make impossible 
any direct test of the hypothesis of their origin. Here also, interchange 
hybridity has been selected on account of, rather than in spite of, 
the concomitant sterility. 

Another edible diploid, Palembang, resembles Pisang Lilan in being 
heterozygous for a single interchange and in having certain of the 
phenotypic characters of the Malayan race of M. acuminata. Its 
hybrid with Calcutta 4 has a potential ring of six chromosomes at 
meiosis like that found in some members of 265. Thus segmental 
identity with Pisang Lilan is suggested and the behaviour of Palembang 
supports the hybrid origin of the edible diploids. 
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(iii) Mistiming 


Swanson and Nelson (1942) have described various errors of 
spiralisation and abnormalities of the spindle in Mentha. An interesting 
parallel appears to exist between it and Musa in that the misbehaviours 
are confined to the first meiotic division. It is inferred that in both 
cases the abnormalities are primarily those of timing and are in some 
way dependent on the conditions of spiralisation and movement 
peculiar to the first meiotic division. In Festuca-Lolium (Darlington 
and Thomas, 1937), on the other hand, the second division and in 
maize with divergent spindles (Clarke, 1940), the second and pollen 
grain divisions are also affected. These cases are therefore probably 
different from Mentha and Musa since it is difficult to envisage spindle 
abnormalities initiated in the first division as a consequence of its 
own peculiar character operating in subsequent cell-generations. 

As in the case of the formation of polyploid spores by interspecific 
hybrids (Dodds and Simmonds, 1946), the cause of mistiming (in 
interspecific hybrids) is unknown. It does, however, seem likely that 
these peculiarities result from an upset of nucleic acid metabolism at 
meiosis. A further pointer in this direction is the observation of 
bridges without fragments in Pisang Lilan and its hybrids. 


9. SUMMARY 


1. A female-sterile edible (parthenocarpic) banana, Pisang Lilan, 
was crossed as male parent with three of its relatives, seeded strains 
of Musa acuminata, all being diploids (2x = 22). All three families 
segregated in the first generation for parthenocarpy. In two of these, 
parthenocarpy was shown to result from the action of a dominant 
gene, P, the expression of which is subject to the action of modifiers. 

2. A few parthenocarpic plants were not completely female- 
sterile. Non-parthenocarpic plants were less fertile than expected and 
we suggest that certain specific female-sterility genes are responsible 
and are acting as modifiers of P. 

3. Pisang Lilan is heterozygous for one interchange. All but one 
of 35 first cross plants were heterozygous for this interchange and the 
elimination of interchange homozygotes is therefore inferred. 

4. The one exceptional hybrid was cytologically regular. Its 
effective structural homozygosity, combined with parthenocarpy and 
diploidy, is conclusive proof that parthenocarpy is independent of 
structural hybridity and polyploidy in the banana complex. 

5. A cross between two geographical races of M. acuminata was 
heterozygous for two interchanges. 

6. Maximal chromosome associations rarely or never occurred in 
the various interchange heterozygotes. Combinations of univalents, 
bivalents and multiple chains replaced potential rings. These cyto- 
logical observations are correlated with the consequent gametic 
sterility. 
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7. Observations in some of the hybrids of errors of spiralisation, 
orientation and movement of the chromosomes, bridges without 
fragments and irregularities of the spindle are recorded. 
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INTRODUCTION 


Tue Australasian family of the Ericales, the Epacridacee, are known 
to the Author in their chromosome numbers by only a single report, 
that given by Samuelson (1913) for Epacris impressa, cited by Gaiser 
(1930). A difference of opinion in papers by Hagerup (1928) and 
Wanscher (1934) concerning the probable basic chromosome number 
in the Ericales, suggested that a survey of the Epacridacee might be 
of interest, and the results of such a survey are being published 
elsewhere (Smith-White, 1947a). In this survey a triploid species 
of Leucopogon was discovered in which chromosome behaviour at 
meiosis is peculiar and of general cytological interest. 


MATERIALS AND METHODS 


Leucopogon juniperinus. R. Br. is a species occurring abundantly on 
shale-soil areas in the vicinity of Sydney. Bentham (1869) also records 
it from Moreton Bay, Queensland, and doubtfully from the Upper 
Macalister River, Victoria. These occurrences, however, would 
appear to be geographically isolated from one another, and the present 
study concerns only the species in the Port Jackson area. Plants 
have been examined from four localities within the area, viz. Lane 
Cove River, Gordon, Kuringai and Yagoona, all within 12 miles 
of Sydney. 

Mitotic chromosomes were drawn from aceto-lacmoid crushes of 
young ovules, following maceration in HCl-lacmoid as in the schedule 
given by Darlington and La Cour (1942), and made permanent in 
Euparal. Meiosis in pollen mother cells was studied from aceto- 
carmine crushes, which have also been made permanent. For studies 
of fertility, pollen from mature anthers, ready to dehisce, was mounted 
in a special dextrin-sorbitol-acid fuchsin stain mountant (cf. Smith- 
White, 1947). Chromosome drawings were made with a camera 
lucida at an initial magnification of ca. 3900, and have been reduced 
for reproduction to ca. 2600. 


OBSERVATIONS 
The mitotic chromosomes. The somatic chromosome number for the 
species is 12 (fig. 1; pl. I, fig. 1). At metaphase in ovule mitoses, 
the chromosomes are rod-shaped bodies, of uniform length (ca. 2-7- 
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3°0 »), and all show median centric constrictions. So far it has not 
been possible to observe any characteristic morphological differences 
between the chromosomes. 

Although the genus Leucopogon shows considerable variation in 
chromosome number (n = 4, 6, 10, 12, 24 (Smith-White, 19472)), 
two closely related species, L. setiger and L. esquamatus, have a haploid 
complement of 4, so that L. juniperinus is apparently triploid in 
constitution. 

Meiosis in the pollen mother cells. At the first metaphase the pollen 
mother cells regularly show 4 bivalents and 4 univalents. No multi- 
valents, and never more or less than 4 bivalents, were found in 586 
pollen mother cells from five plants (fig. 2; pl. I, fig. 2). Pairing of 
the bivalents is very uniform, with a rather high chiasma-frequency, 
a majority being united on both sides of the centromere. In one 
plant (No. 0) in which 122 1-M cells were studied (488 bivalents), 
412 bivalents, or 84-4 per cent., were associated on both sides of the 
centromere. Uniform association and regular high chiasma-frequency 
is an indication of homozygosity and lack of difference between the 
pairing chromosomes. 

The extraordinary regularity of the chromosome associations 
suggests that the species is a triploid on a basic haploid set of 4 
chromosomes, and that its constitution may be represented by the 


formula— 
AA BB CC DD EFGH 


in which each letter represents a whole chromosome. This means 
that the species is probably of hybrid origin, and that the paired 
chromosomes A, B, C and D are derived from one parent, and that the 
unpaired chromosomes E, F, G and H are derived from another 
parental species, sufficiently remote phylogenetically from the first to 
exclude the occurrence of multivalent associations between the two 
sets. Such complete failure of chromosome pairing has _ been 
demonstrated in many artificial diploid species hybrids, and the 
condition is essentially similar to that found in triploid hybrids, in 
which the chromosome set from one parent is present in the diploid 
number. (cf. Darlington, 1937, pp. 210-212). Such a doubling of 
one of the two chromosome sets could be derived either from an 
unreduced diploid gamete, from backcrossing to one parent, or if one 
of the parents was autotetraploid in constitution. 

The behaviour of the univalents. In general, the behaviour of 
univalents on the spindle during the first meiotic division is well 
understood (Darlington, 1937, p. 410; Kihara, 1931; Ribbands, 
1937). Usually they are late in movement to the equatorial plate 
at M1, and if the anaphase division of the bivalents occurs before 
their arrival at the plate, they may be included in one or other 
anaphase group at the poles. In this case their distribution is random. 
On the other hand, if they reach the plate, they tend to remain there 




















Fics. 1-9.—X ca. 2000. 1. Somatic chromosomes in ovule tissue. 2. M1 in polar view, 


showing the bivalent plate. 3. M1, in side view, showing a 2-2 distribution of the 
univalents. Note how the univalents are forced to the extremities of the poles of the 
spindle. 4. M1, in side view, showing a 1-3 distribution of the univalents. One 
univalent at the bottom of the picture is out of focus. 5. M1 in side view, showing all 
4 univalents at one end of the spindle. 6. M2, showing unequal plates of 4 and 8 
chromosomes. 7. T2, showing a second division bridge. 8. T2, showing laggard 
chromosomes, possibly the result of misdivision. 9. A pollen mother cell showing the 
rearrangement of the four microspore nuclei. 


Fios. 10 and 11.—X ca. 900. 10. The pollen mother cell shortly after cytokinesis. 11. 
Young pollen grain in the binucleate stage (section). 
Fic. 12.—X ca. 210. Mature pollen. 
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after the anaphase separation of the bivalents, and to divide into 
daughter chromatids, which follow the daughter chromosomes of the 
bivalents to the poles. At the second division such divided uni- 
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Fic. 1. 





Fic. 3. 





Fic. 6. Fic. 7. Fic. 8. 

Fics. 1-8.—Leucopogon juniperinus x 2600. 1. Somatic chromosomes in ovule crush 2n = 12. 
2. 1-M in pollen mother cell, polar view, three univalents are above, and one is 
below the bivalent plate. 3. 1-M, showing a 1-1-2 distribution of univalents. 4. 1-M, 
with the more frequent 0-0-4 distribution of univalents. 5. 1-A, with the four univalents 
moving to the one pole ahead of the paired chromosomes. 6. 1-A, with a 1-3 distribu- 
tion of the univalents. 7. 1-A, showing the (comparatively rare) division of a univalent. 
8. 2-A, showing small and large spindles of 4 and 8 chromosomes respectively. 


valents are usually randomly distributed to the poles of the second 
anaphase spindles. Where univalents are present, the regularity of 
the meiotic division is upset, and a majority of the microspore nuclei 
are of unbalanced constitution. 
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In L. juniperinus the four univalent chromosomes show an unusual 
behaviour. At Mr they usually lie off the equatorial plate, towards 
the poles of the spindle (figs. 3 and 4; pl. I, figs. 3, 4 and 5). In 
a minority of cells one or more univalents may have reached the 
equator at this stage, when such univalents lie on the edge of the 
bivalent plate. Of 586 cells at M1, for which data are given in 
table 1, only 152, or 25°9 per cent., showed univalents in such a 
position. 

The most remarkable feature in the behaviour of the univalents 
is their non-random distribution (table 1). In a majority of cells, 


TABLE 1 


Distribution of the univalents at Mr in L. juniperinus 
































Type of distribution 
Plant no. Total 
0-4 1-3 2-2 Incomplete 
° 52 23 7 44 126 
I 54 32 12 39 137 
3 ai i2 7 9 49 
4 4 33 19 32 128 
5 71 36 II 28 146 
Total , : 242 136 56 152 586 
Expected nos. (random basis) 54°25 217°00 162°75 











x? = 750°02. n = 2. p<o-oor. 


all four univalents pass to the one pole (fig. 4 ; pl. I, fig. 5), and even 
at mid-metaphase they are then placed at the extreme end of the 
spindle, near the edge of the cell, but usually lie well apart. Ignoring 
the 152 cells in which univalents lie near the equator, and whose 
final distribution cannot be determined, the distribution is seen to 
differ widely from that expected on a random basis. (x? = 750°02, 
p<0o-001.) 

The cause of this polarity in univalent distribution is not apparent, 
but its result is clear. A majority of the pollen mother cells at M2 
show unequal plates, most frequently one with 4 and the other with 
8 chromosomes, the larger plate containing all the unpaired chromo- 
somes (table 2; pl. I, fig. 6). 

Division of univalents on the equator of the Ar spindle, after 
the separation of the bivalent chromosomes (fig. 7) is rare, as indicated 
by the frequency of chromosome numbers at Mg, given in table 2. 
This would be expected as an incidental result of the polarity in 
univalent behaviour. 

At anaphase, after the separation of the bivalent chromosomes, 
the univalents are first to reach the poles (figs. 5 and 6). At this stage 
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the repulsion between the chromatid-arms is very evident in all 
chromosomes. 
TABLE 2 


Distribution of chromosomes at Me in L. juniperinus 





Type of distribution 


























- Total 
4°8 | 5-7 |58-6$") 6-6 | 5-6-(1) t 
Plant no. 1 observed frequency . oe 8 2 3 I 29 
Expected frequency (random basis) - | 3°25 | 1300} ... 19°75 











* Due to division of univalent at M1. 
+ Chromosome lost in cytoplasm. 


x? = 49°07. n=2. ‘p<o-oo1. 


Apart from the uneven size of the two plates, the second meiotic 
division is usually normal (fig. 8). Occasionally, however, bridges 
(pl. I, fig. 7) or laggards (pl. I, fig. 8) are seen. The former indicate 
that structurally the bivalent chromosomes are not completely homo- 
zygous, but that they differ at least in respect of segmental inversions. 
The laggards shown in pl. I, fig. 8, may represent a case of misdivision 
of a centromere, since they are smaller than the other chromosomes. 
Darlington (19394, 1940) has shown that the centromeres of univalents 
which have divided at first anaphase are unable to divide normally 
at second anaphase, and are consequently liable to misdivision. 
Several cases of such possible misdivision have been observed in 
L. juniperinus. 

Pollen development. Pollen development is of a peculiar type, 
also found in other species of Leucopogon, in Styphelia, and other genera 
of the Styphelee. This type of development has been described 
elsewhere (Smith-White, 1947a), as the “ Styphelia” or “S” type, 
as distinct from the “ tetrad ” type of pollen development characteristic 
of the Ericales generally. The four telophasic microspore nuclei do not 
show uniform behaviour. At first, having a tetrahedral or quartite 
arrangement, they assume, prior to cytokinesis, a grouped arrangement, 
in which three nuclei are clustered at one end of the cell, and a single 
nucleus at the other (pl. I, fig. 9). The pollen mother cell is then 
divided into three small and one large microspore (pl. I, fig. 10). 
The large microspore is the only one to continue development. The 
other three degenerate, or become crushed out of existence (pl. I, 
fig. 11), so that the mature pollen consists of “single” grains, of 
the type described by Brough (1924) for Styphelia (pl. I, fig. 12). 

It has not yet been determined whether the functional microspore 
of each “ tetrad” is of any particular chromosome constitution, but 
from size comparisons of the nuclei, it is suggested that it may be one 
of the 8 chromosome nuclei. The rapid thickening of the wall of the 
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developing pollen grain offers some difficulty in the examination of 
the pollen grain mitosis. Very occasionally “‘ double” pollen grains, 
resulting from the development of two microspore nuclei, are found. 
Their frequency, however, is almost negligible, only three cases being 
observed in a slide containing over 2000 pollen grains. 

Pollen fertility. Pollen fertility is variable, with a considerable 
proportion of aborted grains, but it must be regarded as unusually 
high for a triploid. The data given in table 3 indicate that significant 
variations in pollen fertility may occur between plants, or even between 
flowers on the same plant, and it is probable that pollen development 
and fertility are very susceptible to environmental, and particularly, 
temperature conditions. 

L. juniperinus is abundantly seed-fertile. In fact it sets a much 
higher proportion of fruits than its diploid relatives L. setiger and 
L. esquamatus, and it is morphologically a uniform and distinctive 
species. 

TABLE 3 
Pollen fertility in Leucopogon juniperinus 
Per cent. good pollen 









































Plant Slide (a) Slide (6) 
M 
No. I 2 3 4 m I 2 3 4 m 
I 31 3! 45 33 | 35°00| 46 2 47 41 *00 | 39°50 
2 36 | 43 | 40 | 46 | 41-25) 58 o | 7 | 47 "25 | 50°75 
3 8 18 te) 21 | 19°25] 10 5 12 9 9°00 | 14°13 
4 65 | 76 7 | 67 |68-75| 64 | 71 | 65 | 63 | 65°75 | 67-25 
5 70 78 67 60 | 68-75) 68 70 714 61 | 68-25 | 68:50 
General mean . ° . >. ewes ° ° * > . vee | 48°25 

















Analysis of variance 








Sign difference 
SS DF MS F SE at 5 per cent. 
point 
Total -  »« | 18,542°975 39 ae ae din sie 
Between plants. | 15,858-875 4 |3,964°719 | 178T | 45:31 19°3 
Slides * - | 1,112°625 5 222°525 av oda rm 
Error + «| 1,571°250 20 78-5625 





























* Used as error control. 
+ Exceeds the 1 per cent. point of F. 


DISCUSSION 


The high fertility of the species may simply mean that it is fully 
apomictic, as are so many triploids and odd-numbered polyploids in 
nature (Darlington, 1937, p. 468). Apomictic polyploids, however, 
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usually show extreme irregularity of meiosis, particularly in the 
pollen mother cells, resulting in polysporous tetrads and highly 
infertile pollen. With such a method of reproduction, it is difficult to 
imagine the evolution of the unusual stabilised meiosis which has 
been described. Such stabilisation could offer selective evolutionary 
advantage only if the pollen is involved in seed production, and it 
could be developed only by adaptation in the course of sexual 
reproduction (Darlington, 1937, p. 414). The only known comparable 
case is the condition of “ semi-apomixis ” found in the Canine section 
of Rosa (Tackholm, 1922 ; Hurst, 1931), in which the egg carries a 
number of univalents, which have been distributed in a polarised 
manner. The present case may be similar, except that it concerns 
pollen formation, and the extra univalents may be carried by the 
pollen. Genetically the system has a similar result, in permitting a 
hybrid species to breed true, but the species does not seem to be 
divided into the numerous interrelated but true-breeding forms that 
occur in the Canine. 

Several cases of polarity in chromosome behaviour have been 
reported in the past. Morgan, Bridges and Sturtevant (1925) showed 
that in triploid Drosophila the distribution of univalents may not be 
according to chance, but that certain combinations of sex chromosomes 
and autosomes are formed more often than others. Sturtevant (1936) 
found that in triplo-IV females of Drosophila melanogaster the 
segregation of the three chromosomes IV was not random, and 
that the segregation of the third chromosome was determined by 
a property of the other pair. Darlington (1940) has shown that the 
segregation of supernumerary sex chromosomes in Cimex may be 
preferential with respect to the Y chromosome. 

In these cases, the differential segregation appears to be determined 
by the chiasma relationships or other properties of the chromosomes 
themselves, or by a property of the spindle mechanism, rather than 
by any polarisation of the cell as a whole. Rhoades (1942) found that 
in the embryo-sac mother cell in maize heterozygous for an abnormal 
heterochromatic segment of chromosome 10, the abnormal chromosome 
passes to the lower (chalazal) end of the spindle most frequently, and 
Catcheside (1944) has shown a clear case of non-random segregation 
in the ascomycete Bombardia lunata, which he ascribes to the existence 
of a gradient in the cell. Renner (1940) has also discussed the relation 
of heterogamy and polarised segregation in Oenothera. 

There are several possible explanations of the polarity in behaviour 
of the univalents in Leucopogon juniperinus. First, the distribution 
might be a mechanical effect consequent on the persistence through 
meiotic prophase of the chromosome arrangement derived from the 
preceding mitotic telophase. (a) Chromosome movement during 
meiotic prophase, which must be considerable, would tend to 
eliminate any such polarisation. (b) A similar behaviour would be 
expected in other plants with univalents, and this is not so. (c) With 
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such a derivation, the polarity of the pollen mother cells would be in 
opposed pairs which are not found. 

Secondly, the polarity in movement might be the consequence of 
a gradient in the cell. Catcheside (loc. cit.) has pointed out that the 
orientation and differential segregation of chromosomes involves two 
kinds of inequality : (i) a gradient in the cell as a whole, and (ii) a 
difference possessed by the chromosomes showing the bias, and 
capable of directing them with reference to the cell gradient. It 
is significant that a morphological polarity in the pollen mother 
cells is apparently normal for most species of Leucopogon, for Styphelia 
and for related genera. This polarity controls the unusual type of 
pollen development described. It may be in some way analogous 
to the gradient which determines the development of the embryo-sac 
from a particular one, usually that at the chalazal end, of the row 
of four megaspores. This gradient provides the first of Catcheside’s 
requirements. On the other hand, it appears to be intracellular in 
nature, since the pollen mother cells show a random arrangement 
in the anther as a whole, as seen in longitudinal section. The func- 
tional pollen grain of each “ tetrad” may face in any direction with 
reference to the axis of the anther. Since the pollen mother cells have 
no obvious morphological “ base,” it is difficult to fit the explanation 
offered by Catcheside for Bombardia. He was dealing with a situation 
in which there was a definite linear arrangement of the nuclei, but here 
no such arrangement exists. 

The condition in L. juniperinus also shows interesting similarities 
and differences as compared with the case in maize, in which the 
non-random segregation of a heterozygous bivalent is controlled by 
an abnormal heterochromatic segment in one of the chromosomes. 
It is possible that in both plants a similar action of heterochromatin, 
in directing the movement of chromosomes along the gradient present 
in the cell, is being manifested. In L. juniperinus the univalents are 
similar in staining behaviour to the bivalents at all stages. There 
is, however, in all chromosomes, a distinct region close to the centro- 
mere which frequently fails to stain, especially at second metaphase, 
and a relation between these heterochromatic segments and the 
segregation of the univalents cannot be excluded. In maize, the effect 
of the heterochromatin is shown in bivalents heterozygous for the 
heterochromatic segment. Differential segregation could not be 
shown by a bivalent homozygous either for the presence or absence 
of the segment, since it is dependent upon unbalance between the 
component chromosomes. With the univalents of Leucopogon, it is 
possible that heterochromatic or other segments, not being balanced 
against similar segments as in bivalents, may act in the same way, 
directing the univalents in a definite direction with respect to the 
cell gradient. It is impossible to say whether any particular segment 
is responsible for this direction, but a comparison of the behaviour 
of univalents with different distributions of heterochromatin in this 
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or other related species might provide evidence of whether this 
directional property is characteristic of heterochromatin. In order 
to test this hypothesis it is proposed to undertake the synthesis of new 
allotriploids in Leucopogon and Styphelia. 

It is not known whether the four univalents tend to be associated 
with any particular daughter bivalent or group of daughter bivalents. 
Any polarity in the behaviour of the bivalents could be determined 
cytologically only in the presence of visible differences between the 
chromosomes, or genetically by the use of plants heterozygous for 
marker genes. Genetically the species is totally unknown. 

L. juniperinus demands further cytological study. It is necessary 
to determine the exact constitution of the functional pollen grains, 
and the meiotic behaviour in the embryo-sac mother cell. Brough 
(1924) has shown that the normal development of the embryo-sac from 
the chalazal megaspore, typical of most Angiosperms, is replaced in 
Styphelia longifolia by development of the megaspore at the micropylar 
end of the linear tetrad ; the same condition is to be expected in 
Leucopogon. An attempt at the resynthesis of the species would be 
desirable, and its probable parents may be found amongst those 
species of Leucopogon, or even Styphelia, which have a diploid number 
of 8. It would be of interest to know the cytological constitution of 
the species in its occurrence near Brisbane, Queensland, especially 
if its origin there should prove independent of its origin in the Sydney 
district. 


SUMMARY 


1. An unusual case of a stabilised triploid species, L. juniperinus, 
with a somatic number of 12, has been described. The reduction 
divisions in the pollen mother cells show great regularity, with the 
formation of 4 bivalents and 4 univalents. 

2. Polarity in the distribution of the univalents is pronounced, 
all four usually going to the same end of the pollen mother cell. This 
polarity, correlated with an unusual type of pollen development, 
and with pollen of moderate fertility, suggests that the species is 
semiapomictic. It presents a condition analogous with that known 
for Rosa canina except that the extra univalent chromosomes may be 
carried by the pollen. 

3. The polarity in univalent distribution is considered to be a 
direct consequence of allotriploidy superimposed upon the intra- 
cellular polarity which controls the method of pollen development. 

4. The species is considered to be of hybrid origin, and to have 
achieved a true-breeding condition and reasonable fertility by this 
form of semiapomixis. 


Acknowledgment.—The author wishes to express his gratitude to Dr H. N. Barber 
for helpful discussion of the problem, and for criticism of the text. Acknowledgment 
is also due to the Trustees and the Director of the Museum of Technology and 
Applied Science for the provision of facilities for the work. 








128 S. SMITH-WHITE 


REFERENCES 


BENTHAM, G. 1869. 
Flora Australiensis 4. 
London : Lovell, Reeve. 


BROUGH, P. 1924. : 
Studies in the Epacridacee. (i) The life history of Styphelia longifolia. R. Br. 
P. Linn. Soc. N.S.W. 49, 162-178. 


CATCHESIDE, D. G. 1944. 
Polarised segregation in an Ascomycete. 
Ann. Bot. N.S. 8, 119-130. 


DARLINGTON, C.D. 1937. 
Recent advances in cytology. 
London : Churchill. 


DARLINGTON, C. D. 19394. 
Misdivision and the genetics of the centromere. 


J. Genet. 37, 341-364. 


DARLINGTON, C. D. 1939). 
The genetical and mechanical properties of the sex chromosomes. V. Cimex and 
the Heteroptera. 


Jj. Genet. 99, 101-137. 


DARLINGTON, C.D. 1940. 
The origin of Isochromosomes. 
F. Genet. 39, 351-361. 


DARLINGTON, C. D., AND LA COUR, L. F. 1942. 
The handling of chromosomes. 
London; Allen and Unwin. 


GAISER, L. 0. 1930. 
Chromosome numbers in the angiosperms, II. 
: Bibliog. Genet. 6, 171-412. 


HAGERUP, 0. 1928. 
Morphological and cytological studies in the Bicornes. 
Dansk. Bot. Arkiv. 6, 1-26. 


HURST, C.C. 1931. 
Embryo-sac formation in diploid and polyploid species of Rosez. 
P.R.S. (B) 109, 126-148. 


KIHARA, H. 1931. 
Genomanalyse bei Triticum und Aegilops II Aegilotricum and Aegilops cylindrea. 
Cytologia 2, 106-156. 


MORGAN, T. H., BRIDGES, C. H., AND STURTEVANT, A. H. 1925. 
The genetics of Drosophila. 
Bibliog. Genet. 2, 1-262. 


RENNER, 0. 1940. 

Kurze Mitteilungen tiber Oenothera, 1V. Uber die Bezichung zwischen Heterogamie 
und Embryo-sac entwicklung u.s.w. 

Flora, N.F. 34, 145-158. 





i... a_i 


nie 





POLARISED SEGREGATION OF A STABLE TRIPLOID 129 


RHOADES, M. M. 1942. 
Preferential segregation in maize. 
Genetics 27, 395-407. 


RIBBANDS, C. R. 1937. 
The consequences of structural hybridity at meiosis in Lilium x testaceum. 
F. Genet. 35, 1-24. 


SAMUELSON. 1913. 


Studien iiber die Entwicklungsgeschichte der Bluten einiger Bicornes typen. 
Svensk. Bot. Tidsk. 7, 97-188. 


SMITH-WHITE, 8. 194.74. 
A survey of chromosome numbers in the Epacridacee. 
P. Linn. Soc. N.S.W. (in press). 


SMITH-WHITE, 8. 1947). 

Cytological studies in the Myrtacee. II. Chromosome numbers in the Lepto- 
spermoidee and Myrtoidez. 

P. Linn. Soc. N.S.W. (in press). 


STURTEVANT, A. H. 1936. 


Preferential segregation in Triplo-IV females of Drosophil lanogaster. 
Genetics 21, 444-466. 





TACKHOLM, G. 1922. 
Zytologische Studien iiber die Gattung Rosa. 
Acta Hort. Berg. 7, 97-381. 


WANSCHER, J. H. 1934. 
Secondary associations in the Umbellifere and Bicornes. 
New Phyt. 33, 58-65. 

















AN ANTIBODY WHICH SUBDIVIDES THE 
HUMAN MN BLOOD GROUPS 


RUTH SANGER * and R. R. RACE 
Medical Research Council Blood Group Research Unit, Lister Institute, London, S.W. | 


and 


R. J. WALSH and CARMEL MONTGOMERY 
New South Wales Blood Transfusion Service, Sydney 


Received 8,viii.47 


AN antibody has been found in a sample of human serum which 
subdivides the MN blood groups, as we have already shown 
(1947). 

The donor of the seruxa containing this agglutinin was a woman 
whose fifth pregnancy had just terminated in the delivery of a still- 
born macerated foetus. She had never been transfused, but had had 
one normal child followed by a second which died, aged one day, 
of erythroblastosis foetalis; the third and fourth pregnancies had 
ended in early miscarriages. The blood groups of the family are as 
follows :— 

Mother: A cde/cde MN 
Father: A CDe/CDe M 
Child: A CDe/cde 


The serum contains anti-D of the “‘ incomplete” type, which 
undoubtedly was responsible for the disease of the two infants, but 
it also contains the agglutinin whose reactions are the subject of this 
paper. 

The following table shows the results of agglutination tests on 
blood from 190 unselected English people, the tests were carried out 
in saline and at room temperature. (The agglutinin is also active 




















at 37° C.) 
M MN Total 
+ - + - - - 
| 36 14 57 38 15 30 190 
18-95% 7°37% 30°00% | 20:00% 789% | 15°79% 100:00% 











* Supported by the Australian Red Cross, 
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‘ 


The association of the “ new” antibody with the MN system is 
clear from the following 2x2 table :— 


New antibody 
+f. _ 
M+MN . : ? - 93 52 
:) ier : : 15 go 


for which the x? equals 13 for 1 d.f., corresponding to a probability 
of less than o-oo1. No significant association with the A,A,BO 
groups, nor the P groups, nor any of the Rh antigens can be found. 
The antibody does not give the reactions of the rare agglutinins 
** anti-Lutheran,” “ anti-Kell ” nor “ anti-Lewis.” 

A reasonable genetical interpretation is that there are four 
allelomorphs at the locus responsible for these groups M, MS, N and 
NS, the mutation S being a change which can happen both to M 
and to N genes, and which makes the resulting red cells agglutinable 
by the new antibody. 

On the other hand, it is possible that S is a separate linked gene, 
presumably having an allelomorph not S (or s). If an antibody 
corresponding to not S were found, this interpretation of a separace 
locus would seem the more probable. Anti- not S would agglutinate 
about 88 per cent. of English bloods. The situation would then be 
very similar to that of the C, D and E antigens of the Rh system. If 
the interpretation of linked genes is correct, the linkage must be very 
close, otherwise crossing over would presumably have resulted in an 
equilibrium in which the ratio of MS to M would equal that of NS 
to N. 

The calculations given below lend strong support to one or other 
of these genetical interpretations of the observed reactions. 

The simple postulation of a third gene allelomorphic to M and N, 
say L, will not meet the facts, for MN blood is frequently agglutinated 
by the new antibody, and the presence of three allelomorphs in one 
person would have to be invoked. 


GENE FREQUENCIES 


In the calculations shown below both the symbols and the figures 
will fit the idea of 4 allelomorphs or of separate but closely linked 
genes. 








M MN N Total 
+ - + - + | - 
MS MS MM MSN MN NSN NN 
MS M MS NS NS NS 
M NS 
36 14 57 38 go 190 
0*1895 00737 . 
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We are greatly indebted to Professor Fisher who has estimated 
the gene frequencies by his method of maximum likelihood (1946), 
with the following results as percentages :— 


MS ; ‘ . 250487 
M ; : . 26+2671 
NS , : Q°2121 
N. : . 39°4721 

1000000 


These gene frequencies can be used to calculate the expected 
frequencies of bloods in the various phenotype groups. 











Expected Observed x’ 
be ra 36-9236 36 0*02310 
a. 13°1093 14 006052 
Ms Ns} 55°535! 57 003864 
aan te 39°3991 38 004970 
NS Ns} 15*4300 15 0-01198 
NN 29°6029 30 000533 
190*0000 190 0°18927 

d.f. 2 

p= 09 




















The agreement between expected and observed frequencies is seen to be very close. 


FAMILY INVESTIGATIONS 


The subdivisions of the MN groups defined by this serum greatly 
increase the number of distinguishable matings. There are only 6 
phenotypically and genotypically distinct types of classical MN 
matings, but with the help of the new antibody there are theoretically 
21 phenotypically and 55 genotypically different matings. A list of 
these matings is given in table 1, with the approximate frequencies 
of their occurrence. 

The results of the family investigations are given in table 2. In 
the second column of this table the classification of the type of mating 
refers to the catalogue of matings given in table I. Sometimes the exact 
type of mating is known as in families 3, 4, 6, 9, 13, 14, 20, 22, 23, 24, 
25, 26, 27, 29 and 30. Sometimes only the main group to which 
the mating belongs can be recognised. Sometimes the main group is 
known but one of the constituent matings can be excluded ; for 
example, family 15 belongs to type 13, but cannot be 13a for the latter 
mating does not produce MN children. 

21 
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TABLE 2 
The results of family investigations 
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T. Parents Children \ 
or 
aang Father | Mother I 2 3 4 5 6 7 
2 MM |(MM)S| MSM| MSM/|MSM 
B A oO Oo A,B 
RR, | Rik, | RRs | RRs | Riks 
3 | (MM)S|(MM)S| (MM)S | (MM)S 
A A A A 
R,Ry 17 Ror Ror 
66 | MSN | MM | MSM! MN MN MN | MSM! MN | MSM 
A Oo Oo oO Ay A Oo Oo Oo 
RR, | R°re | RR’ | RR’ | Ry Ry | R,R’ | R,R” | R,R’ 
66 | MM | MSN |(MM)S| MN MN MN 
Ay Oo “ Oo oO A, 
R,R, | Ry Ry)| RR, | Ry | RR, 
5 |(MM)S| MN | MSN! MSM! MSN 
O A, Oo A, A, 
R,YR’ | Ry R’r R’r R,R’ 
Lewis— | Lewis+ | Lewis+ | Lewis-+ | Lewis-+ 
Kell+ | Kell— | Kell— | Kell+ | Kell+ 
P P P P Pp 
7¢ |MSM|MSN |(MM)S| MN |(MM)S 
Oo A Oo A oO 
RR, | R,R, | R:R, | RR, | RR, 
7 | (MN)S| (MM)S | (MM)S 
A,B O B 
R,R, | RR, | RiR, 
7 | (MN)S | (MM)S | (MM)S | (MM)S | 
A A O A 
RR, Ry | R,R, | RR, | 
95 |MSM| NN | MSN | MN MN | 
re) fe) re) oO fe) 
R,R, Ry R,R, Ryr Ryr | 
9 | NN |(MM)S| MSN 
Oo Oo oO 
Ryr rr rr 
} 
11 | (NN)S | (MM)S| (MN)S | (MN)S | (MN)S | 
Oo A A A A 
Ry R,R, Ry Ry R,R, |? 
II (NN)S | (MM)S | (MN)S | (MN)S | (MN)S | 
Oo B Oo B Oo 
Ry Ryr Ry Ry Ry 
12a | MN | MN | MN | MN | MN | 
oO Oo Oo O oO 
Ry rr rr rr 1r 
|? 
124 MN MN MN 
A; A; A; 
Ry Ryr R,R, 
13 | (MN)S| MN MN | (MN)S | (MN)S 
not a Oo a Oo Oo O 
14 | (MN)S | (MN)S | (MN)S | (NN)S 
notd | A,B O B B 
Ry rr Ryr rr 
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* rst child is father in family 9. 


and child is mother in family 21. 
t 1st child by previous husband. 


N 


2 














+++ 




















26| 11d | MSM| NSN | (MN)S| MN | (MN)S! (MN)S 
rr R,r R,r Ry R,r rr 
bp Pp bp Pp Pp Pp 
27| 14¢ | (MN)S| (MN)S| MN | (MN)S| MSM} (MN)S 
A, Oo Ay O O O 
R,r R,r 17 R,R, R,R, R,R, 
28 3 (MM)S | (MM)S | (MM)S | (MM)S | (MM)S | (MM)S | (MM)S 
Oo O O Oo Oo Oo Oo 


R,R, Rr R,R, R,R, Ryr Ry R,R, 
Is P P ? F ¥ 
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29 4a MM MN MM MN MN MM MN 
Oo Oo Oo oO Oo Oo Oo 
rr Ror Ror rr rr Ror Tr 
pp bp bp pp pp pp pp 
go | 15a MN NN NN MN NN MN 
Ay B Ay Ay Ag Ay 


rT Ryr R,r rr R,r R,r 
Pp pp Pp Pp Pp pp 


















































(MN)S written thus indicates that the S may be located on either or both the chromosomes. 
When family grouping makes clear the position of the S, it is written thus, MS N or M NS or MS NS. 

The short Rh symbols used in this table have the following significance :—R, = CDe, R, = cDE, 
t= cde, Ry” = C”’De, R’ = Cde, R” = cdE and Ry = cDe. 

In the determination of the Rh genotypes the following antisera were used :—anti-C-C”-c-D-E-e. 


{ 1st child is father of family 7. 2nd child is father of family 16. 9rd child is father of family 17. 


§ Mother is 2nd child in family 1. 
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Families 3, 4 and 23 are of particular significance in the support 
of the association of S with the MN blood groups. 

In family 3, the father is MN and possesses § (that is to say, his 
blood is agglutinated by the new antibody), the mother is MM and 
does not possess S. It will be seen that S is segregating with the 
father’s M ; for the 3 children to whom he gave his M all have S, 
whereas the 4 to whom he gave his N have not. The probability of 
this segregation being due to chance is 1/35, using Fisher’s exact 
method for 2 x 2 tables ; or 1 in 64, postulating, as in this case we may, 
the theoretical 1 : 1 ratio. 

Family 4 is of the same type of mating, excluding the first child 
(the issue of a previous marriage of the mother) ; there are 3 children 
who have received their mother’s N, but not her S. If these three 
children are added to those of family 3, the probability of the 
segregation being due to chance is reduced to 1 in 120. Although the 
group of the father of the first child in family 4 is not known, this 
child has received M from his mother and has S. If it is allowed 
that this S has come from the mother, then the probability is further 
reduced to 1 in 330. 

In family 23 we have been fortunate in finding an example of the 
converse type of mating, that is to say, MNSXNN. Here we see 
dependent segregation of N and S, for the two children who have 
received their mother’s M have not S, and the one child who has 
received her N has S. 


Through the finding reported in this paper a glimpse is obtained 
of the complexity of the MN groups. Since their discovery by 
Landsteiner and Levine in 1927, the MN groups remained, it seemed, 
singularly uncomplicated in comparison with the ABO and Rh 
groups. Whether this insight will have other than theoretical interest 
depends upon the success of attempts to reproduce the antibody at will 
in human beings or rabbits. 


SUMMARY 


The reactions of an antibody which subdivides the MN blood 
groups are described. 

This antibody agglutinates 72 per cent. of M, 60 per cent. of MN 
and 33 per cent. of N bloods; such bloods are designated by the 
addition of the symbol S. 

Statistical analysis and family groupings are consistent with the 
hypothesis that either there are 4 allelomorphs MS, M, NS and N, 
or that S is a gene closely linked to the MN locus. The gene frequencies 
calculated are MS 25:0 per cent., M 26-3 per cent., NS 9:2 per cent., 
and N 39:5 per cent. 
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THERE are two plant breeding stations in Finland, one private and 
one supported by the Government. The private one is owned by the 
co-operative concern Hankkija, and is situated in Malm, Tammisto, 
near Helsinki. Its breeding work was commenced in the year 1913. 
The chief and most eminent breeders at Tammisto have been 
Drs J. O. Sauli (1913-1934), Otto Valle (1934-1942), and E. Huttunen 
(1942). The State plant breeding work was commenced in the 
year 1909. It was continued in the years 1918-1923 at a private 
station, and in 1924 it was again taken up by the Government. Since 
1928 it has been carried on in Jokioinen, about 70 miles north-west 
of Helsinki. The chief of this station has been, since 1918, Dr Vilho 
A. Pesola. A large part of the work at this station was done in the 
years 1935-1945, by Dr Onni Pohjakallio, at present professor in plant 
pathology at the University of Helsinki. 

The main breeding work in Finland has been devoted to cereals 
and field peas. Many new varieties of these plants have been 
produced by the plant breeding stations and are now generally grown 
in Finland. Some features of the rye and wheat breeding work done 
by these stations will be presented here. 

The main aim in the breeding of winter crops has been to produce 
a variety as winter-hardy as possible and in other respects suitable both 
for cultivation and sale. 

Winter rye is the main bread crop in Finland, the total crop 
of this cereal being during the last years about 200 million kg. 
(60 to 70 per cent. of the total consumption). The local (native) rye 
varieties are very winter-hardy, but they have a long and weak straw, 
there is much hereditary sterility in the ears, and the grain is rather 
small and light. The Swedish, German, and other foreign rye varieties 
have not proved sufficiently winter-hardy in Finland, but they have a 
stiff straw and the ear and grain properties are favourable. 

In order to improve the rye in Finland many crosses have been 
made between the Finnish and foreign varieties, aiming at a 
combination of the winter-hardiness of the Finnish varieties with the 
stiffness of straw and other favourable characteristics of the foreign 
varieties. Thus the new rye varieties, Toivo (Jokioinen), Oiva 
(Tammisto), Pekka (Jokioinen) and Onni (Jokioinen), have been 
produced and brought into the market. The parents of these varieties 
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are as follows : Toivo = Campiner (Belgium) x Finnish native rye ; 
Oiva = Petkus (Germany) xFinnish native rye; Pekka = Steel 
(Sweden) x Harma (Finland); Onni= Star (Sweden) x Finnish 
native rye. All these varieties represent a realization, to some extent, 
of the breeding programme mentioned above. They have a winter- 
hardiness fully or almost as good as that of the Finnish native varieties, 
while the straw and ear and grain properties are better. In these last 
respects they are not yet as good as the foreign varieties, so that the 
breeding work is continuing. 

These Finnish bred rye varieties have been favourably accepted 
by the farmers, so that during the last years almost 50 per cent. of 
all rye grown in Finland has been seeded with them, the other 
50 per cent. being native varieties, or lines taken from them (Ensi) or 
foreign varieties, especially Sangaste (from Estonia). 

Of wheat harvested in Finland, at present totalling about 200 
million kg., the major part, about 180 million kg., is spring wheat, 
the rest being winter wheat. The winter wheat can be grown only 
in the clay regions of the south-western part of Finland. The breeding 
of winter wheat aims mainly at the same ends as the breeding of rye, 
but in the case of wheat problems of a special nature have also 
to be taken into account, viz. the baking quality and resistance to 
disease, especially stripe rust (Puccinia glumarum) and brown rust 
(P. triticina). 

Both the pedigree method and the crossing method have been 
used in breeding winter wheat. From the local (native) winter 
wheat populations the new varieties Sukkula (I and II, Tammisto), 
Pohjola (Jokioinen) and Olympia (Jokioinen), etc., have been produced. 
All these varieties are at present grown in Finland to some extent. 
All these varieties are very winter-hardy, especially Pohjola and 
Olympia, but they are weak in straw and susceptible to stripe rust 
(Puccinia glumarum). The baking quality of Olympia is excellent, 
that of Pohjola good, and of Sukkula medium. By the crossing 
method the varieties Sampo (Jokioinen), Varma (Tammisto), and 
Panu (Tammisto) have been produced. The parent varieties of 
these are as follows: Sampo=Thule II (Svaldf) x Finnish local 
variety ; Varma and Panu = Svea (Svaldf) x Finnish local variety. 
Varma is at present the variety most widely grown in Finland. These 
(cross) varieties are not quite as winter-hardy as Olympia and Pohjola, 
nor is their baking quality so good, but their straw is stronger and the 
rust resistance better. By way of comparison it may be mentioned that, 
if we use a scale 0-10 for winter-hardiness (10 = perfect ; 0 = none), 
we have in Jokioinen for the undermentioned varieties the following 
winter-hardiness numbers: Olympia 9:0, Pohjola 8-5, Varma 8:0, 
Sampo 7:°5, Gluten (Svaléf) 7-0, Thule II (Svaléf) 6-0 and Yeoman 
(England) 0-5. At present the cross-breeding work is going on in 
order to obtain better combinations of winter-hardiness, strength of 
straw and other cultural and economic properties in one variety. 

















RYE AND WHEAT BREEDING IN FINLAND 143 


For a number of reasons the cultivation of spring wheat in Finland 
increased very rapidly in the years 1930-1940. At present the 
excellent Svaléf varieties Diamond (I and II) are the most widely 
grown spring wheat varieties in Finland. But being rather late they can 
be grown reliably only in the south of Finland (to ca. 61° 30’ N. lat.), 
whereas the range of spring wheat in Finland at present extends to the 
polar circle (ca. 66°). Thus the breeding of spring wheat in Finland 
has aimed at producing varieties earlier than Diamond, but as good 
as it or better in respect of yielding capacity, strength of straw, disease 
resistance, baking quality, etc. And it has been successful. The 
newest Finnish spring wheat varieties, Tammi (Tammisto), Sopu 
(Jokioinen), Hopea (Jokioinen) and Kimmo (Tammisto) are 7, 6, 
4, and 3 days earlier, respectively, than Diamond, and otherwise as 
good as or better than Diamond, except that their yielding capacity is 
slightly inferior. It may be mentioned that the spring wheat having 
been sown in Jokioinen on 17th May, on an average of 15 years, 
Diamond has ripened on the average in 105 days, i.e. on 25th August. 
The Swedish varieties Atle and Progress, for instance, ripen a week or 
more later than Diamond in Jokioinen, and cannot therefore be 
recommended for Finland. 

All the newest Finnish spring wheat varieties mentioned above are 
products from crossings. The parent varieties of Hopea and Sopu 
are the well-known Canadian variety, Marquis (too late in Finland), 
and the Finnish variety Ruskea (Brown ; Tammisto). The main aim 
of this cross was to combine the good rust resistance (against Puccinia 
glumarum) and fine baking quality of Marquis with the earliness 
and small soil and water requirements of Ruskea. The results, 
the Sopu and Hopea wheats, are interesting both practically and 
theoretically in many respects. They are clear positive transgressions 
with regard to yielding capacity and strength of straw. In rust 
resistance Hopea equals Marquis, Sopu having a position intermediate 
between its parents. In baking quality, Sopu and Hopea are inter- 
mediate, Hopea being yet nearer to Marquis. Sopu can be grown in 
the central parts of Finland (as far as the 63° N. lat.). 

The breeding of improved spring wheat is being continued. 
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